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FOREWORD 


The  problem  of  protection  of  cosmonauts  and  astronauts  against  the  effects  of 
chronic  exposure  to  galactic  cosmic  radiation  is  an  important  and  challenging 
one,  particularly  as  we  contemplate  the  exposures  likely  to  be  encountered  on 
long-term  missions,  such  as  a  voyage  to  Mars  or  a  lunar  colony.  The  accom¬ 
plishments  of  our  Russian  colleagues  in  the  area  of  long-term  manned  space- 
flights  are  well  known  and  need  not  be  reviewed  extensively  here.  One  of  the 
institutions  furnishing  the  radiation  biology  support  required  for  these  long 
missions  was  the  Research  Center  for  Spacecraft  Radiation  Safety  (RCSRS), 
whose  researchers  compiled  this  report. 

The  Armed  Forces  Radiobiology  Research  Institute  (AFRRI)  has  had  a  long 
and  fruitful  relationship  with  the  National  Aeronautics  and  Space  Administra¬ 
tion  (NASA)  in  the  field  of  effects  of  space  radiations  on  astronauts.  AFRRI 
and  NASA  have  a  Memorandum  of  Understanding  for  research  concerning 
radioprotectants  and  cancer  research.  Recently,  AFRRI  completed  a  study  for 
NASA  that  outlines  the  requirements  for  further  research  on  the  biological 
effects  of  heavy  charged  particles.  ^  The  research  achievements  of  a  Russian 
collegial  institute  are  therefore  supplemental  to  our  own  in-house  efforts.  Our 
awareness  of  the  achievements  of  the  RCSRS  was  stimulated  by  a  presentation 
given  by  the  primary  author  at  the  World  Space  Congress.^  This  inspired  us 
to  support  their  efforts  to  provide  documentation  suitable  for  review  by  the 
scientific  community. 

The  models  presented  in  this  report  are  based  on  experiments  performed  by 
researchers  at  the  RCSRS  at  their  own  laboratories  and  those  of  the  Joint 
Institute  for  Nuclear  Research,  Laboratory  of  Nuclear  Problems,  at  Dubna, 
Russia.  Collaborative  research  in  the  field  has  been  going  on  between  these 
institutions  for  several  years.  The  relationships  between  the  models  presented 
here  and  other  available  data  are  discussed  in  the  report. 

Central  to  this  report  is  the  authors’  hypothesis  that  the  effects  of  chronic 
low-dose  radiation  on  a  large  population  is,  as  it  were,  skewed  by  the  presence 


•Design  Study:  Data  Requirements  Regarding  Particle  Carcinogenesis  in  the  Space  Radiation 
Environment.  E.  J.  Ainsworth,  Principal  Investigator.  Document  submitted  to  NASA  3 1  March 
1995  in  fulfillment  of  contract  T-1320S. 

^Individual  Doses  of  Cosmonauts  Over  the  30  Years  of  Soviet  Space  Flights.  E.  E.  Kovalev 
and  V.  M.  Petrov.  Presentation  given  at  the  World  Space  Congress,  Washington,  D.C.,  28 
August-5  September  1992. 


in  the  population  of  a  number  of  individuals  that  are  unusually  susceptible  to 
radiation  effects;  in  other  words,  there  exists  a  “hypersensitive”  subpopulation, 
to  use  their  term.  This  subpopulation,  though  small  in  number  relative  to  the 
entire  group,  is  large  enough  to  affect  the  dose-response  curve.  Their  hypothe¬ 
sis  implies  that  this  curve  is  pushed  to  the  left,  significantly  more  so  than  if 
this  subpopulation  were  excluded  from  the  analysis.  We  already  know  this  is 
true  for  persons  with  ataxia  telangiectasia,  and  there  is  concern  about  other 
genetically  influenced  repair  deficiencies  as  well. 

The  authors  conclude  by  discussing  the  applicability  of  their  work  to  human 
populations.  They  stress  the  need  for  building  a  mathematical  model  for  human 
radiation-induced  mortality,  and  what  its  benefits  would  be.  However,  they 
are  well  aware  of  the  problems  involved  in  developing  such  a  model,  not  the 
least  of  which  are  the  heterogeneity  of  the  human  population  and  the  marked 
shortage  of  data  necessary  for  further  model  development  and  validation. 

This  document  of  course  represents  neither  the  final  definitive  word  nor  even 
the  opinion  of  AFRRI  or  the  Department  of  Defense  on  the  issue  of  human 
radiation  response.  Nevertheless  it  is  a  thought-provoking  and  well-reasoned 
approach  to  the  problem  of  radiation  protection  of  both  radiation  workers  and 
the  general  population.  With  the  recent  shift  in  radiation  research  away  from 
focussing  on  prompt  high-dose  exposures  to  that  of  chronic  low-dose  expo¬ 
sures,  this  work  represents  a  valuable  contribution  to  our  knowledge  in  this 
arena. 


Glen  I.  Reeves,  M.D. 

NIS  Initiatives  Coordinator 

Armed  Forces  Radiobiology  Research  Institute 
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INTRODUCTION 


To  evaluate  the  risk  to  a  large  group  of  people  from  continuous  exposure  to 
radiation  the  distributions  of  the  radiation  doses  and  the  radiosensitivities 
within  the  group  must  be  known.  At  the  present  time,  there  is  no  information 
on  these  distributions  in  the  majority  of  cases.  Therefore,  the  radiation  risk  is 
most  often  estimated  as  a  product  of  the  average  radiation  dose  for  a  given 
population  by  the  mean  probability  of  a  radiobiological  effect  (mortality,  life 
shortening,  etc.)  for  a  unit  of  radiation  dose.  Radiosensitivity  is  generally 
obtained  by  extrapolating  radiobiological  data  from  high  doses  to  low  doses. 

Experimental  data  and  results  of  research  carried  out  in  regions  that  have  been 
exposed  to  radiation — the  Chernobyl  catastrophe  (Ukraine)  or  the  nuclear 
weapon  tests  (Kazakhstan,  the  Altai  Territory) — ^have  been  accumulated  in  the 
Research  Center  of  Spacecraft  Radiation  Safety  (RCSRS)  and  suggest  that 
exposures  to  moderate  and  low  radiation  doses  have  more  pronounced  radio¬ 
biological  effects  than  might  be  expected  when  extrapolating  data  from  high 
to  low  doses. 

This  conclusion  must  not  only  be  explained  but  must  also  be  considered  when 
estimating  the  risk  of  low  radiation  exposure. 

Our  hypothesis  [1]  is  based  on  experimental  studies  suggesting  that  popula¬ 
tions  of  various  mammalian  species,  including  humans,  contain  a  small 
proportion  (from  5%  to  12%)  of  individuals  that  show  so-called  hyper¬ 
radiosensitivity  to  both  acute  and  continuous  radiation.  It  is  therefore  reason¬ 
able  to  assume  that  this  individual  variability  of  radiosensitivity  in  the  popu¬ 
lation  of  a  mammalian  species  is  responsible  for  the  inadequate  extrapolation 
of  health  effects  from  high  radiation  doses  to  moderate  and  low  radiation  doses. 
Indeed,  at  high  doses  and  dose  rates  of  acute  and  continuous  radiation, 
hyperradiosensitive  individuals  have  a  negligible  influence  on  the  general 
pattern  of  radiation  damage  for  the  population  as  a  whole — first,  because  of 
their  small  numbers  in  the  population  and,  second,  because  they  differ  from 
the  rest  only  by  the  delay  in  time  of  death. 

Therefore,  with  high-dose  radiation  exposures  the  effect  on  health  is  deter¬ 
mined  by  the  contribution  of  individuals  with  average  or  low  radiosensitivity. 
Moreover,  in  the  range  of  very  high  doses  and  dose  rates,  where  a  single  type 
of  lethality  prevails,  the  population  may  be  considered  homogeneous  and  may 
have  a  radiosensitivity  index  typical  of  most  radioresistant  individuals  in  the 
population. 
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By  contrast,  with  low-dose  radiation,  health  effects  at  both  the  level  of  the 
critical  system  and  at  the  population  level  manifest  themselves  only  in  hyper¬ 
radiosensitive  individuals,  which  markedly  differ  in  radiosensitivity  from  the 
rest,  especially  from  the  most  radioresistant  group.  Thus,  information  on  the 
contribution  of  individual  radiosensitivity  to  the  dynamic  and  integral  radio¬ 
biological  effects  for  critical  systems  of  the  organism  and  for  the  population 
as  a  whole  is  of  particular  significance  now. 

In  this  research,  we  place  a  great  emphasis  on  the  use  of  methods  of  mathe¬ 
matical  modeling.  Mathematical  models  not  only  help  analyze  and  generalize 
the  experimental  data,  but  they  can  also  be  successfully  used  to  predict  effects 
of  radiation. 

In  our  opinion,  models  that  combine  three  levels  of  manifestation  of  adverse 
radiation  effects — the  population  level,  the  organism  level,  and  the  body’s 
critical  system  level — ^have  the  greatest  promise.  In  contrast  to  models  of  the 
"black  box"  type  [2],  our  models  are  capable  of  not  only  describing  the 
experimental  data  but  also  predicting  new  correlations  at  the  population  level. 

It  is  generally  recognized  that  the  immediate  cause  of  death  of  irradiated 
mammals  is  failure  of  a  vital  system  of  the  organism.  This  failure  originates 
from  disruption  of  cellular  kinetics  and  reduction  of  the  number  of  cells  below 
the  level  required  for  survival  [3].  Different  ranges  of  dose  and  dose  rate  seem 
to  affect  particular  critical  organs  whose  radiation  injury  is  crucial  in  the 
development  of  radiation-induced  pathology  and  death  of  mammals  [4]. 
Critical  systems  of  the  mammalian  organism  are  bone  marrow  hematopoiesis, 
epithelium  of  the  small  intestine,  and  central  nervous  system.  It  should  be 
noted  that  the  death  of  mammals  induced  by  the  bone  marrow  syndrome, 
intestinal  syndrome,  or  destruction  of  the  central  nervous  system  occurs  at 
different  time  periods  after  irradiation.  This  enables  one  to  use  the  mathemati¬ 
cal  model  of  one  of  the  critical  systems  to  model  radiation-induced  mortality 
of  mammals.  In  the  range  of  radiation  doses  that  we  are  interested  in,  the 
critical  systems  are  bone  marrow  hematopoiesis  and  the  epithelium  of  the 
small  intestine.  In  this  report,  mathematical  models  describing  the  dynamics 
of  these  critical  systems  in  mammals  exposed  to  acute  and  chronic  radiation 
are  proposed  and  investigated  in  detail.  On  this  basis,  mathematical  models  of 
radiation-induced  mortality  for  homogeneous  and  nonhomogeneous  (in  ra¬ 
diosensitivity)  mammalian  populations  are  developed.  The  report  also  in¬ 
cludes  an  analysis  of  experimental  and  clinical  data  in  terms  of  the  concepts 
forming  the  basis  of  our  models. 

The  basis  for  the  research  involved  in  this  particular  report  was  laid  by  studies 
carried  out  over  the  last  few  years  at  RCSRS,  the  Institute  of  Biophysics,  and 
the  Institute  of  Biomedical  Problems.  These  have  been  experimental  and 
theoretical  studies  of  individual  hematopoietic  lines  (lymphopoiesis  and 
granulocytopoiesis)  in  irradiated  mammals.  It  was  within  this  line  of  research 
that  the  first  two-level  model  of  bone  marrow  lymphopoiesis  was  constructed. 
The  model  described  the  dynamics  of  blood  lymphocytes  and  their  bone 
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marrow  precursors  in  mammals  exposed  to  acute  radiation.  This  model  of 
postirradiation  lymphopoiesis  dynamics  was  a  system  of  four  nonlinear  dif¬ 
ferential  equations.  The  coefficients  included  in  the  model  were  found  in 
experiments  performed  by  RCSRS  researchers  at  the  laboratory  of  Dr.  N. 
Ryzhov  in  Dubna.  Along  with  other  radiobiological  investigations  there,  we 
studied  for  some  years  the  effects  of  gamma  radiation  and  high  energy  protons 
on  processes  of  bone  marrow  blood  formation  in  rats  [4].  A  model  of  bone 
marrow  lymphopoiesis  based  on  experimental  data  [5]  was  reported  in  1982 
[6];  the  two-level  model  was  used  as  a  component  of  the  model  of  humoral 
immune  response  to  the  T-independent  antigen  in  irradiated  mammals  [7]. 
Later,  a  three-level  model  of  bone  marrow  lymphopoiesis  and  a  four-level 
model  of  granulocytopoiesis  under  chronic  irradiation  were  built.  In  addition 
to  the  lymphocyte  concentration  in  the  blood,  we  used  concentrations  of 
lymphocyte  precursors  in  the  bone  marrow  both  capable  and  incapable  of 
division  as  variables  of  lymphocytopoiesis.  The  variables  of  the  granulocy¬ 
topoiesis  model  included  concentrations  of  cells  of  the  granulocytic  series 
(capable  and  incapable  of  division)  in  the  bone  marrow,  concentration  of 
granulocytes  in  the  blood,  and  concentration  of  granulocytes  in  the  tissues.  As 
basic  experimental  material  in  modeling  these  hematopoietic  lines  we  used  the 
results  of  a  chronic  radiation  experiment  on  rats  conducted  by  Dr.  T.  Zukhbaya 
from  RCSRS  [8-11]. 
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Task  I 

Mathematical  Models  of  Critical  Systems  in 
Irradiated  Mammals 

E.  E.  Kovalev,  principal  investigator 
O.  A.  Smirnova,  senior  researcher 


Abstract 


A  description  and  analysis  of  mathematical  models  developed  for  two  critical  systems, 
the  hematopoietic  and  intestinal  systems,  are  presented.  The  models,  based  on  modern 
theories  of  regulation  of  the  hematopoietic  and  intestinal  epithelium  systems,  describe 
the  dynamics  of  these  systems  in  nonirradiated  mammals  and  in  mammals  exposed  to 
acute  and  chronic  radiation.  The  first  model  uses  the  radiosensitivity  indices  of 
hematopoietic  cells  as  its  principal  parameters.  The  key  parameter  of  the  second  model 
is  the  radiosensitivity  index  of  precursors  of  principal  crypt  cells.  The  variable  parame¬ 
ters  of  the  models  are  represented  by  the  dose  of  acute  radiation  and  the  dose  rate  of 
chronic  radiation.  These  models  can  be  used  for  quantitative  prediction  of  the  effects 
of  acute  and  chronic  radiation  on  the  hematopoietic  and  intestinal  systems  of  mammals. 
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CHAPTER  1 


Mathematical  Model  of  the 
Blood-Forming  System 

1.1.  Introduction 


Mathematical  modeling  came  into  use  in  hematopoietic  studies  more  than  30 
years  ago.  Of  the  three  principal  research  directions  in  this  field,  the  direction 
of  Lajtha  et  al.  [1]  concerned  general  problems  of  regulation  of  differentiation 
and  self-maintenance  of  blood-forming  stem  cells.  Models  differed  in  basic 
assumptions  and  degree  of  detail  for  the  processes  studied  [2].  Most  of  these 
models,  however,  yield  qualitatively  similar  results,  which  makes  a  difficult 
final  choice  between  the  suggested  regulatory  mechanisms  of  stem  cell  differ¬ 
entiation  and  self-maintenance.  Apparently,  the  solution  of  this  problem 
requires  that  some  essentially  new  experimental  methods  of  analysis  of  the 
dynamics  of  pluripotent  stem  cells  be  developed. 

The  second  direction  of  mathematical  modeling  was  the  study  of  separate  lines 
of  blood  formation  [2].  The  most  interesting  data  obtained  in  this  direction  of 
research  can  be  found  in  references  3-10.  The  models  were  used  to  obtain 
various  dynamic  regimes  characteristic  of  blood  formation.  In  particular,  the 
models  described  in  references  3,  5-7,  9,  and  10  made  it  possible  to  find 
solutions  corresponding  to  the  cyclic  kinetics  of  hematopoiesis  observed  in 
some  mammalian  species.  However,  most  of  the  above  studies  contain  no 
analysis  of  the  conditions  of  onset  of  stable  oscillatory  regimes.  The  models 
simulated  the  effects  of  several  factors  on  the  dynamics  of  bone  marrow  blood 
formation:  hypoxia  [3-5],  blood  transfusion  [5,  8],  hemorrhage  [5, 8],  weight¬ 
lessness  [4],  drug  treatment  [8],  and  virus  infection  [3].  Modeling  results  were 
compared  with  corresponding  experimental  data  at  a  quantitative  level  only  in 
references  5  and  8. 

At  present,  much  attention  is  given  to  the  third  direction  of  hematopoietic 
research:  the  study  of  the  effect  of  ionizing  radiation  on  the  blood  formation 
process  [2].  The  dynamics  of  separate  lines  of  blood  formation  in  mammals 
following  acute  radiation  exposure  was  modeled  in  references  5  and  1 1  to  13. 


7 


Chapter  1 


A  disadvantage  of  most  models  is  that  they  do  not  include  an  explicit  form  of 
the  basic  parameters:  the  dose  of  ionizing  radiation  and  the  characteristics  of 
radiosensitivity  of  the  blood-forming  cells.  This  precludes  the  use  of  these 
models  for  predicting  the  response  of  lines  of  blood  formation  to  various  acute 
radiation  doses.  As  regards  model  studies  of  the  effect  of  a  prolonged  radiation 
exposure  on  hematopoiesis,  we  know  of  only  a  few  such  works  [5, 14, 15].  In 
reference  14,  the  effect  of  chronic  radiation  on  hematopoiesis  was  studied  in 
the  framework  of  a  rather  abstract  model,  therefore  the  results  were  largely 
qualitative.  In  reference  15,  only  the  dynamics  of  the  stem  cells  was  described. 
In  reference  5,  models  were  proposed  that  described  the  dynamics  of  the  bone 
marrow  precursor  cells  of  the  granulocytopoietic  and  erythrocytopoietic  sys¬ 
tems  exposed  to  prolonged  radiation.  These  models  are  complicated,  contain 
a  large  number  of  variables  and  coefficients,  but  do  not  include  such  basic 
parameters  as  the  radiation  dose  rate  and  quantities  characterizing  the  ra¬ 
diosensitivity  of  the  blood-forming  cells. 

The  purpose  of  our  studies  was  to  develop  fairly  simple  models  for  all 
hematopoiesis  lines;  based  on  modem  concepts,  the  models  would  describe 
the  dynamics  of  both  the  functioning  blood  cells  and  their  precursors  in  bone 
marrow.  Our  intention  was  to  explicitly  include  in  these  models  the  parameters 
of  the  ionizing  radiation  and  the  basic  hematological  and  radiobiological 
parameters.  The  models  must  also  be  able  to  reconstruct  the  principal  dynamic 
regimes  of  hematopoiesis  in  nonirradiated  mammals  and  to  provide  quantita¬ 
tive  descriptions  of  formed  elements  of  blood  and  their  bone-marrow  precur¬ 
sors  during  acute  and  chronic  exposures  to  radiation.  The  results  are  presented 
in  this  chapter. 


1.2.  Generalized  Model  of  the  Dynamics  of  an 
Individual  Hematopoietic  Line  in  Nonirradiated 
and  Irradiated  Mammals 

According  to  current  concepts  on  the  stmcture  and  mechanisms  of  operation 
of  the  hematopoietic  system,  the  latter  can  be  regarded  as  a  complex  of  four 
subsystems:  thrombocytopoiesis,  lymphopoiesis,  erythropoiesis,  and  granulo- 
cytopoiesis  [16-18].  Each  subsystem  contains  the  entire  set  of  cells,  from  stem 
cells  (in  the  microenvironment  predetermining  their  differentiation  toward  the 
respective  hematopoietic  line)  to  mature  blood  cells  of  this  particular  line. 

Let  us  construct  an  elementary  model  of  an  individual  hematopoietic  line 
taking  into  account  only  the  principal  regulatory  mechanisms  of  its  function. 
For  this  purpose  we  divide  all  the  cells  of  a  particular  hematopoietic  line  into 
three  groups  according  to  the  degree  of  maturity  and  differentiation: 

•  Group  Xi,  bone  marrow  precursor  cells  (from  stem  cells  in  the  respec¬ 
tive  microenvironment  to  morphologically  identifiable  dividing  cells) 


8 


Mathematical  Model  of  the  Blood-Forming  System 


•  Group  X2,  nondividing  maturing  bone  marrow  cells 

•  Group  X3,  mature  blood  cells 

Bringing  together  all  bone  marrow  precursor  cells  capable  of  dividing  into  a 
single  group  X\  obviates  the  necessity  to  consider  separately  the  complicated 
(and  not  yet  well  understood)  processes  of  self-maintenance  and  predifferen¬ 
tiation  of  stem  cells.  In  constructing  the  model,  we  assume  that  (1)  the 
dynamics  of  X  \  cells  is  determined  by  the  rate  of  their  reproduction  and  passage 
to  group  X2;  (2)  the  dynamics  of  Xi  cells  is  determined  by  the  arrival  of  cells 
from  Xi  and  passage  to  group  X3;  and  (3)  the  dynamics  of  X3  cells  is  determined 
by  the  arrival  of  cells  from  group  X2  and  their  natural  death.  In  accordance 
with  the  chalone  theory  of  hematopoiesis  regulation,  we  assume  that  the  X\ 
cell  reproduction  rate  depends  on  the  concentration  of  chalone,  the  specific 
inhibitor  of  cell  division,  which  is  the  product  of  the  vital  activity  and  decay 
of  cells  and  their  progeny.  As  model  variables,  we  take  the  concentrations  of 
X2,  and  X3  cells  and  of  the  specific  chalone  (jci ,  X2,  Jr3,  and  /,  respectively). 
By  cell  concentration,  we  mean  the  ratio  of  the  total  number  of  cells  of  a 
particular  group  to  the  total  blood  volume.  Based  on  these  assumptions,  the 
dynamics  of  these  concentrations  is  described  by  means  of  these  differentia¬ 
tion  equations: 


dx\ 

~di' 

dx2 

dt 

dx3 

dt 

dt 


Bxi  -  Cx\, 

(1.1) 

Cxi  -  Fx2, 

(1.2) 

Fx2  -  Ex3, 

(1.3) 

G  (xi  +  02  JC2  +  03  X3)  -  HI. 

(1.4) 

C  and  F  are  the  specific  rates  of  transfer  of  cells  from  group  Xi  to  group  X2 
and  fromX2  toX3  (in  simulating  the  dynamics  of  different  lines  of  hematopoi¬ 
esis,  the  parameters  C  and  F  can  represent  either  constant  coefficients  or 
nonlinear  functions  of  the  concentrations  of  respective  cells);  E  is  the  specific 
decay  rate  of  cells;  H  is  the  chalone’ s  specific  decay  rate;  multipliers  G,  G62, 
and  G03  in  front  of  the  variables  xi,  X2,  and  X3  represent  the  dissimilar 
contributions  of  X],  X2,  and  X3  cells  to  chalone  production. 


The  influence  of  the  chalone  inhibitor  on  the  reproduction  rate  of  Xi  cells  is 
described  using  the  lerusalimskii  equation  [19] 


P  =  a(l  +I/K)-K 


(1.5) 
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where  K  is  the  inhibition  constant,  and  a  is  the  maximum  specific  rate  of  cell 
division.  Experiments  on  isolation  and  uses  of  chalones  have  shown  that  they 
preserve  their  activity  for  several  hours  [16,  17].  Bearing  in  mind  that  the 
processes  of  differentiation  and  maturation  of  bone  marrow  cells  last  for 
several  days,  we  consider  equation  1.4  to  be  "rapid"  in  comparison  with 
equations  1 . 1-1 .3.  Then,  according  to  the  Tikhonov  theorem  [19],  equation  1 .4 
can  be  replaced  by  its  stationary  solution  I  =  (G/H)  (xi  +  02X2  +  03X3)-  We  then 
have 


P  =  a[l -I- P(xi +02X2  +  03X3)]  ^  P  =  GI{HK).  (1.6) 

Thus,  the  model  of  the  dynamics  of  a  separate  hematopoietic  line  for  nonirra- 
diated  mammals  is  a  system  of  three  nonlinear  differential  equations  1.1 -1.3. 

When  modeling  the  effect  of  ionizing  radiation  on  hematopoiesis  the  following 
generally  known  hypotheses  will  be  used.  It  is  accepted  as  proven  that  radiation 
with  sublethal  doses  does  not  practically  affect  the  differentiation  and  life  span 
of  hematopoietic  cells  undamaged  by  radiation  [20].  The  effect  of  ionizing 
radiation  is  primarily  manifested  in  the  death  of  part  of  the  radiosensitive  cells 
of  the  blood-forming  system.  The  cells  most  sensitive  to  radiation  are  the  early 
precursors  of  blood  cells  (Xi  cells).  A  lower  sensitivity  (sometimes  even 
radioresistance)  is  shown  by  nondividing  maturing  bone  marrow  X2  cells  and 
by  mature  X3  cells  of  some  lines  [20-22].  Needless  to  say,  radiosensitivity  is 
a  complicated  function  and  depends  on  the  age  of  cells  and  the  stage  of  their 
life  cycle  at  the  time  of  radiation.  However,  to  characterize  the  radiosensitivity 
of  hematopoietic  cells  at  each  of  the  three  stages  of  their  development  certain 
averaged  values  are  used  for  simplicity.  We  also  assume  that  all  cells  receive 
the  same  radiation  dose.  This  assumption  is  equivalent  to  averaging  the 
radiation  dose  over  space. 

The  model  equations  1.1 -1.3  and  1.6  are  used  as  a  basis  for  an  examination  of 
the  effect  of  ionizing  radiation  with  a  dose  rate  A  on  a  separate  line  of 
hematopoiesis.  We  assume  that  cells  of  this  particular  line  are  radiosensitive 
at  every  stage  of  their  development.  As  shown  by  experimental  data,  the 
radiosensitive  cells  can  be  tentatively  divided  into  three  groups  according  to 
their  radiation  response.  The  first  group  X/  includes  undamaged  cells,  the 
second  group  Xd;  includes  damaged  cells  that  die  within  1-2  days  (mitotic 
death),  and  the  third  group  Xhdi  includes  heavily  damaged  cells  that  die  within 
the  first  4-7  hours  following  irradiation  (interphase  death)  [22].  As  model 
variables,  we  take  the  concentrations  of  undamaged,  damaged,  and  heavily 
damaged  cells,  x/  xdt,  and  xhd/,  respectively.  Separation  of  cells  into  groups 
according  to  the  extent  of  their  damage  and  consideration  for  their  dynamics 
are  novel  elements  in  modeling  hematopoiesis  in  irradiated  mammals.  This 
approach  makes  it  possible  to  collect  more  detailed  information  concerning 
the  damage  and  recovery  processes  in  radiosensitive  cell  populations  as 
compared  to  other  approaches.  Of  great  importance  is  that  this  approach,  as 
shown  below,  enables  one  to  describe  the  contribution  of  radiation-damaged 
cells  to  the  chalone  control  of  hematopoiesis.  According  to  the  one-target-one- 
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hit  model  of  cell  damage  [23],  the  specific  damage  rate  is  proportional  to  the 
radiation  dose  rate  N.  Therefore,  the  dynamics  of  hematopoietic  cell  concen¬ 
tration  can  be  described  by  the  system  of  nine  differential  equations: 


dxi 

=  Bx\  -  Cx\  -  ^^1, 

(1.7) 

dx2 

dt 

=  Cxi  -  Fx2  -  ^X2, 

(1.8) 

dx3 

dt 

=  Fx2  -  Ex3  -  ^X3, 

D3 

(1.9) 

dxdi 

dt 

N  1 

=  X,-  -  VI  Xdi  , 

A  1  -1-  p, 

(1.10) 

dxuAi 

dt 

N  pi  •  1  -  T 

=  i  ~  ^2Xhdh  1  -  1,2,3. 

Di  1  H-  Pi 

(1.11) 

N/Di  are  the  specific  rates  of  transition  of  cells  Xi  from  the  undamaged  state 
to  the  damaged  and  heavily  damaged  states.  The  coefficients  p,  represent  the 
ratio  of  the  number  of  heavily  damaged  Xhd/  cells  to  the  number  of  damaged 
Xdi  cells.  Experimental  data  show  that  p,  depends  on  the  dose  rate  N.  The  exact 
form  of  this  dependence  will  be  specified  a  bit  later.  The  coefficients  vi  and 
V2  represent  the  specific  death  rates  of  damaged  and  heavily  damaged  cells, 
respectively. 

When  modifying  equation  1.6  that  describes  the  Xi  cell  reproduction  rate,  we 
take  into  account  the  contribution  of  Zd/  and  Xhd/  cells  that  died  following 
irradiation  to  chalone  production 

B  =  a{l  -I-  P  [xi  -I-  OjTdl  +  Exhdl  +  02  (x2  + 


OjCd2  +  rxhd2)  +  03(X3  +  Oxd3  +  rxhd3)]|  V  (1.12) 

The  dimensionless  multipliers  O  and  T  in  front  of  the  variables  jcdi  and  xhdi 
represent  the  dissimilar  contributions  of  damaged  Xd/  and  heavily  damaged 
Xhdf  cells  to  the  production  of  the  inhibitor  7.  The  dissimilarity  is  due  to 
differences  in  their  specific  death  rates  and  T/O  =  v2/vi. 

In  solving  equations  1. 7-1.1 1,  initial  conditions  will  differ  for  different  prob¬ 
lems.  For  example,  in  the  case  of  irradiation  of  a  healthy  organism  that  has  not 
been  exposed  to  radiation  earlier,  the  initial  concentrations  of  undamaged  Xi 
cells  are  equal  to  their  stationary  values,  and  the  concentrations  of  damaged 
Xdi  and  heavily  damaged  AThd/  cells  are  zero: 

xi(0)  =  Xi,  xdi(O)  =  xhdi(O)  =  0,  i  =  1,2, 3.  (1.13) 
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When  there  is  a  group  of  radioresistant  cells  among  the  Xj  cells  in  the  model 
considered,  we  must  let  the  parameter  D/  tend  to  infinity,  which  will  result  in 
the  absence  of  terms  expressing  the  radiation  effect. 

The  model  can  be  substantially  simplified  if  a  radiation  exposure  of  short 
duration  (acute)  is  simulated;  the  characteristic  times  of  equations  1.7-1.11 
considerably  exceed  the  time  (7)  of  the  irradiation.  During  irradiation,  the  cell 
dynamics  is  determined  by  the  system  of  "rapid"  equations 

dxj  _  N 
dt  ~  ~  Di^‘’ 

dxdi  _  N  1 

+  (1.14) 

dxhdi  N  Pi  •  1  -5 

— —  =  — - - Xi,  i  =  1,2,3. 

dt  Di  1  +  p, 

As  mentioned  before,  the  initial  conditions  are  described  by  relations  1.13. 
WithA^=  constant,  equations  1.14  can  be  readily  integrated: 

xi{T)  =  xiexp(-D/Di), 

xdi(T)  =  xiil  +  Pi  )"‘[l  -  exp(D/D/)],  (1.15) 

xhdiiT)  =  piXdiiT),  (i  =  1,2,3), 

where  D  =  N,  T  is  the  overall  radiation  dose.  Relations  1.15  imply  that  Dj  in 
equations  1.7- 1.1 1  is  equivalent  to  the  conventional  radiobiological  dose  Dq: 
after  exposure  to  this  dose,  the  number  of  X/  cells  left  undamaged  is  e  (= 
2.718...)  times  smaller  than  the  initial  number,  i.e.,  constitutes  37%  of  their 
initial  number  (fig.  1.1*)  [22].  Relationships  1.15  can  serve  as  initial  condi¬ 
tions  of  the  model  of  postirradiation  dynamics  of  damage  and  recovery  of 
hematopoiesis.  Then,  in  system  1.7  to  1.11,  one  should  obviously  put  N=0. 
When  previously  irradiated  mammals  are  exposed  to  acute  radiation  doses, 
the  initial  concentrations  of  all  the  cells  ((xOo,  (xdOo,  and  (xhdOo)  niust  be 
specified.  Then,  solutions  to  equations  1.14  and  consequently,  the  initial 
conditions  for  system  1.7  to  1.1 1  will  assume  the  form 

xiiT)  =  (xi)o  exp(-D/D,), 

xdiiT)  =  (jc,)o(l +P0~^  [1 -exp(-D/D,)]  +  (xd/)0,  (1.16) 

XhdiiT)  =  (x,)0Pj(1 +pi)'*  [l-exp(-D/D,)]  +  (xhdOo. 

*Figures  begin  on  page  32. 


12 


Mathematical  Model  of  the  Blood-Forming  System 


Let  us  determine  the  dose  dependence  of  the  parameters  p/,  which  are  the  ratios 
of  the  heavily  damaged  to  damaged  cells.  Based  on  experimental  data,  it  has 
been  shown  that  the  fraction  |i,-  of  Xi  cells  (which  did  not  die  in  the  interphase 
following  acute  irradiation  with  dose  D)  is  an  exponential  function  of  D:  jj,/ = 
expi-DIDmi)  [24].  The  parameter  Dmi  is  the  dose  after  exposure  to  which  the 
number  of  cells  that  have  not  died  in  the  interphase  is  37%  of  the  initial  number 
of  cells  (fig.  1.1)  [22].  We  set  jX/  to  be  the  combined  fraction  of  undamaged  Xj 
cells  and  damaged  Xdi  cells.  Accordingly,  the  fraction  of  heavily  damaged  Xhd/ 
cells  is 


(Ohdi  =  1  -  (ij  =  1  -  expi-DIDmi).  (1.17) 

The  combined  fraction  of  damaged  Xdi  and  heavily  damaged  Xhd/  cells  is 
defined  by  the  expression  ©/  =  1-  exp(-D/A)  (see  equations  1.15).  The 
fraction  of  damaged  Xdi  cells  is  the  difference  between  ©/  and  ©hdl: 

©di  =  exp(-D/Dmi)  -  exp(-D/D/).  (1.18) 


Then  the  parameter 

^  ^  1  -  exp(-DIDmi)  .  _  ^23 

‘  ©di  txp{-DIDmi)  -  exp{-DIDi)'  *  ’  ’  ‘  (1.19) 

For  D  «  min  {Dmi,  Di),  the  coefficients  p/  to  a  first  approximation  are 

pi  =  {Dmi /Di  ~  1)  i  =  1,2,3,  (1-20) 

i.e.,  they  are  determined  by  the  ratio  of  the  parameters  characterizing  the 
radiosensitivity  of  X/  cells. 

From  physical  considerations  it  is  obvious  that  the  simplified  version  (equation 
1.20)  of  the  expressions  for  the  coefficients  p/  can  be  used  in  differential 
equations  1.7  to  1.1 1  describing  hematopoiesis  dynamics  in  chronic  radiation. 
The  reason  is  that  for  any  small  interval  of  time  dt,  the  condition  of  the 
applicability  of  formula  1 .20,  D  =  N‘dt«( Dmi,  Di)  will  certainly  be  satisfied 
in  the  studied  range  of  N  variation. 

Thus,  we  have  shown  how  models  of  separate  hematopoietic  lines  can  be 
modified  to  describe  the  effects  of  chronic  and  acute  radiation  on  the  dynamics 
of  hematopoiesis.  Of  great  importance  is  that  the  model  proposed  contains  in 
an  explicit  form  the  main  characteristics  of  irradiation,  namely  dose  D  and 
dose  rate  N  and  also  the  conventional  radiobiological  parameters  Di  and  Dmi 
characterizing  the  radiosensitivity  of  the  hematopoietic  cells. 

We  examine  below  individual  hematopoietic  lines,  each  having  its  specific 
features  of  regulation  and  differing  in  cell  radiosensitivity. 
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1.3.  Thrombocytopoiesis 

The  generic  cells  of  blood  platelets  (thrombocytes)  are  megakaryocytes,  the 
giant  cells  of  the  bone  marrow.  The  youngest  morphologically  identifiable  cell 
of  the  megakaryocyte  line  is  the  dividing  megakaryocytoblast.  At  the  next 
differentiation  stage  (promegakaryocyte)  the  cells  do  not  divide  but  grow  in 
size  by  increasing  their  ploidy.  A  megakaryocyte  can  have  4,  8, 16,  32,  or  64 
nuclei.  When  the  number  of  nuclei  reaches  8,  the  megakaryocyte  starts 
producing  thrombocytes,  which  subsequently  leave  the  bone  marrow  and  pass 
into  the  blood.  The  number  of  thrombocytes  produced  by  one  megakaryocyte 
is  proportional  to  the  volume  of  its  cytoplasm,  which  in  turn  is  proportional  to 
the  number  of  nuclei  of  the  mature  megakaryocyte.  On  average,  a  megakaryo¬ 
cyte  produces  some  3,000-4,000  platelets  and  then  dies.  The  blood  platelets 
also  undergo  a  natural  process  of  dying.  The  control  of  the  reproduction  rate 
in  the  megakaryocytoblasts  and  their  precursors  is  provided  by  a  chalone — 
thrombocytopenin  [16,  17]. 

Xi  denotes  the  bone  marrow  precursor  cells  (from  stem  cells  in  the  respective 
microenvironment  to  megakaryocytoblasts),  Xj  the  nondividing  cells  (from 
promegakaryocytes  to  mature  megakaryocytes),  and  X3  the  blood  thrombo¬ 
cytes.  Then,  in  accordance  with  equations  1.1  to  1.3  and  relation  1.6,  the 
dynamics  of  the  respective  concentrations  xi,  X2,  X3  are  represented  by  the 
system  of  three  differential  equations 


dx\ 

ax\ 

"l/  VI 

dt 

y  *^1 9 

1  -1-  P(xi  +02X2-1-  Q3X3) 

(1.21) 

dx2 

dt 

=  /yxi  -  5x2, 

(1.22) 

dx3 

=  a  5x2  -  t|tx3. 

dt 

(1.23) 

The  block-diagram  of  system  1.21  to  1.23  is  given  in  figure  1.2.  The  coeffi¬ 
cients  a,  P,  02, 03,  y  =  C,  5  =  F,  v[t  =  £  in  equations  1 .2 1  to  1 .23  have  the  same 
meaning  as  in  equations  1.1  to  1.6. 

The  description  of  the  complicated  process  of  nucleus  duplication  in 
megakaryocytes,  which  eventually  determines  the  megakaryocyte  ploidy  and 
the  number  of  thrombocytes  produced,  is  replaced  in  the  model  by  a  new 
integral  quantity:  coefficient  of  megakaryocyte  ploidy  f.  It  is  known  from 
experiments  that  in  healthy  mammals  the  platelet  concentration  in  the  blood, 
X3,  the  average  ploidy  of  bone  marrow  megakaryocytes,  P{x3),  and  the  throm¬ 
bocyte  yield  per  megakaryocyte,  a,  are  stable  quantities.  When  the  number  of 
blood  platelets  is  reduced  (x3  <  X3),  the  average  ploidy  P{x3)  increases:  P{x3) 
>  P(jc3).  The  ratio  of  F(x3)  to  F(x3)  is  the  ploidy  coefficient/  In  accordance 
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with  experimental  data,  the  coefficient/is  represented  as  decreasing  function 
of  thrombocyte  concentration 

/  =  P(x3)/P(x2)  =  (h  +  9x3)“*.  (1.24) 

In  formula  1 .24,  h  and  9  are  certain  constant  parameters.  Normally  at  X3  =  jc3, 
f  ={h  +  9X3)'l  =  1,  hence  9^  =  \-h.  Atx3  =  0,  f=h-^,  so  the  dimensionless 
parameter  h  must  satisfy  the  condition 

0  <  h  <  1.  (1.25) 

When  deriving  equation  1.23,  it  was  assumed  that  all  X2  cells  have  the  same 
ploidy  F(x3)  and  produce  the  same  number  o  of  thrombocytes  after  maturation. 
A  change  in  the  average  ploidy  is  described  in  the  model  by  an  equivalent 
change  of  the  concentration  of  X2  cells.  The  concentration  of  Xi  cells  that  have 
just  passed  into  phase  X2  is  multiplied  by  coefficient/  This  way  of  introducing 
coefficient  /into  equation  1.22  enables  one  to  take  into  account  in  a  dynamic 
form  the  delay  effect  between  the  control  signal  (deviation  of  thrombocyte 
concentration  from  the  normal  level)  and  the  response  (change  of  average 
megakaryocyte  ploidy).  Thus,  the  variable  X2  accounts  for  the  dynamics  of  the 
total  megakaryocyte  mass  in  the  bone  marrow. 

System  1.21  to  1.23  has  two  singular  points.  One  singular  point  is  trivial.  The 
other  is  located  in  the  positive  octant  (xi  >  0)  if  a  >  y.  In  this  case  we  identify 
the  concentration  xt  with  the  normal  state  of  the  thrombopoiesis  system. 

Data  obtained  by  the  methods  of  qualitative  theory  of  differential  equations 
and  oscillation  theory  have  shown  that  the  trivial  singular  point  is  a  stable  node 
at  a  <  y  and  a  saddle  at  a  >  y.  The  singular  point  in  the  positive  octant  can  be 
either  stable  (node  or  focus)  or  unstable  (saddle-focus).  We  derived  algebraic 
equations  determining  in  the  space  of  the  parameters  the  stability  boundary 
for  the  second  singular  point.  Analysis  of  these  equations  shows  that  loss  of 
stability  occurs  (1)  if  the  Xi  cell  reproduction  is  mainly  controlled  by  the 
inhibitor  produced  by  X3  cells,  (2)  if  the  time  the  cells  stay  in  the  X2  and  X3 
pools  is  sufficiently  long,  and  (3)  if  the  maximum  specific  reproduction  rate 
of  Xi  cells  is  within  a  certain  range. 

When  the  second  singular  point  is  unstable,  then  a  stable  limit  cycle  arises  in 
the  system  1.21  to  1.23.  This  cycle  was  obtained  in  solving  equations  1.21  to 
1.23  on  a  computer  with  the  following  values  of  the  independent  parameters: 
a  =  4  day^  y  =  2  day*,  5  =  0.4  day*,  9  =  0.5  day*,  62  =  0.4, 63  =  a03  =  400, 
h  =  0.9.  The  parameters  are  chosen  so  that  the  values  of  the  period  T  and  the 
amplitude  A  of  oscillations  of  the  dimensionless  concentration  of  X3  cells  (jc3 
=  xifxi),  14  days  and  0.2,  respectively  (fig.  1.3 A),  correspond  to  the  experi¬ 
mental  data  on  grey  collies,  which  showed  in  the  norm  stable  oscillations  of 
blood  platelet  concentration  with  a  period  T  of  13  days  and  an  amplitude  A  = 
0.5  [25]. 
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When  the  second  singular  point  is  a  stable  node  or  focus,  the  dynamics  of  the 
recovery  processes  is  aperiodic  or  oscillatory.  Experiments  on  rats  in  which 
platelets  were  removed  from  the  blood  [26]  and,  conversely,  introduced  into 
the  blood  [27]  demonstrated  damped  oscillations  of  platelet  concentration. 
These  results  were  reproduced  within  the  framework  of  system  1.21-1 .23.  The 
values  of  the  parameters  a,  y,  5,  \|/  were  derived  from  experimental  data  [16, 
20,  21]  (table  1.1).  The  coefficient  h  varied  from  0  to  1  in  accordance  with 
relationship  1.25.  The  parameters  02  and  03  varied  over  a  wide  range.  Good 
agreement  with  experimental  data  [27]  was  obtained  at  /i  =  0.5, 02  =  0.1,  and 
03  =  30.  Equations  1.21-1.23  describe  both  the  recovery  of  the  thrombocyte 
pool  in  the  blood  following  its  reduction  by  metabolic  blood  transfusion  (fig. 
1.4A)  and  the  process  of  return  of  thrombocyte  concentration  to  the  normal 
level  after  injection  of  fresh  thrombocytes  into  the  blood  (fig.  1.4B).  In  both 
cases  the  calculated  dynamics  of  dimensionless  platelet  concentration  has  the 
form  of  damped  oscillations.  The  x^-test  was  chosen  for  a  quantitative  com¬ 
parison  of  the  model  and  experimental  results.  The  calculated  values  of  = 
8.06  and  y}  =  8.8  do  not  exceed  their  critical  values  of  Xo.os  =  12.592  (the 
number  of  degrees  of  freedom  n  =  7  - 1  =  6)  and  =  15.507  (n  =  12  -  1  -  3 
=  8),  i.e.,  there  is  a  quantitative  agreement. 

As  to  the  effect  of  ionizing  radiation  on  thrombocytopoiesis,  experiments  [20, 
2 1  ]  have  shown  that  platelets  and  all  cells  of  the  megakaryocyte  line,  beginning 
with  promegakaryocytes,  are  radioresistant.  The  megakaryoblasts  and  their 
precursors  are  radiosensitive.  Therefore,  a  model  of  thrombocytopoiesis  dy¬ 
namics  in  irradiated  mammals  must  comprise  five  differential  equations 
describing  the  concentrations  of  undamaged  Xi,  damaged  Xdi,  and  heavily 
damaged  Xhdl  cells,  and  also  the  concentrations  of  radioresistant  X2  and  X3 
cells  (see  section  1 .2). 

Our  thrombocytopoiesis  model  was  used  in  chronic  irradiation  simulation 
experiments  on  mice.  It  used  the  same  values  of  the  seven  independent 
coefficients  a,  y,  5,  \|/,  h,  02,  03  =  <703  as  did  the  model  (equations  1.21-1.23) 
to  describe  thrombocytopoiesis  dynamics  in  the  absence  of  irradiation.  The 
values  of  the  coefficients  vi  and  V2  were  taken  from  the  literature  [22].  The 
choice  of  the  values  of  the  parameters  D 1 ,  Dm  1 ,  and  O  was  based  on  comparing 
the  results  of  a  numerical  solution  of  the  model  equations  with  experimental 
data  [28,  29]  (table  1.1).  Figure  1.5  demonstrates  the  computed  dynamics  of 
Xi,  Xz  and  X3  cells  for  a  moderate  radiation  dose  rate.  The  figure  also  shows 
the  results  of  experimental  measurements  of  platelet  concentration  in  the  blood 
at  different  intervals  of  time  after  the  onset  of  irradiation  [28].  The  model 


Table  1.1.  Parameters  of  the  thrombocytopoiesis  model. 


Symbol 

a 

Y 

5 

V 

VI 

V2 

Di 

Dml 

0 

02 

^3 

h 

Value 

2.4 

1.4 

0.35 

0.35 

0.5 

6 

2.4 

4.8 

209 

0.1 

30 

0.5 

Unit 

day’^ 

day"* 

day"* 

day’* 

day'* 

day"* 

Gy 

Gy 

- 

- 

- 
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describes  the  transition  process  in  the  form  of  damped  oscillations.  When  the 
transition  process  is  over,  the  dimensionless  concentrations  of  Xi,  X2,  and  X3 
cells  (.XI  =  x\fxi,x2  =  x2/x2,  and  ^  =  X3/X3.  respectively)  take  on  new,  lower 
than  normal  stationary  values,  xi,x2,  and.x3.  The  large  spread  of  experimental 
data  [28]  does  not  allow  a  detailed  comparison  with  respect  to  transition 
process.  Therefore,  to  check  whether  there  is  agreement  between  the  model 
and  the  experimental  results  on  the  platelet  concentration  dynamics  presented 
in  figure  1.5,  the  %2.test  was  chosen  as  before.  The  calculated  value  of  = 
4. 195  does  not  exceed  the  critical  value  Xo,o5  =  12.592  (n  =  6),  i.e.,  we  do  have 
quantitative  agreement. 

A  rather  similar  thrombocytopoiesis  dynamics  was  also  obtained  within  the 
model  for  other  (low  and  moderate)  dose  rates  N  of_chronic  irradiation.  As  in 
other  experiments  [28, 29],  the  new  stationary  level  X3  lowered  as  the  dose  rate 
N  increased.  The  same  pattern  was  observed  for  the  concentrations  of  Xi  and 
X2  cells. 

The  relationship  between  the  new  stationary  values  of  dimensionless  concen¬ 
trations  of  Xi,  X2,  andX3  cells  an(^the  radiation  dose  rate  is  shown  in  figure 
1.6.  One  can  see  that  xi,  X2,  and  X3  concentrations  decrease  with  growing  N 
and  vanish  when  iV becomes  equal  to  or  exceeds  a  certain  critical  level  Nc.  The 
latter  is  described  in  terms  of  the  model  pararheters  by  the  simple  formula 

Nc  =  Di(a  -  Y).  (1.26) 

The  meaning  of  equation  1 .26  is  as  follows:  The  critical  dose  rate  Nc  is  greater 
when  the  radiosensitivity  of  bone  marrow  cell  precursors  capable  of  dividing 
(Xi  cells)  is  smaller  and  the  proliferation  potential  of  these  cells  is  higher. 

Calculations  have  shown  that  with  N  values  close  to  or  exceeding  Nc  =  2.4 
Gy/day,  the  dynamics  of  thrombocytopoiesis  differs  substantially  from  the  one 
observed  before.  The  kinetic  curves  showing  the  variation  of  Xi,  X2,  and  X3 
cell  concentrations  have  an  aperiodic  shape.  At  ~  Nc,  the  concentrations  xi, 
X2,  and  X3  reduce  to  low  levels  incompatible  with  life,  and  at  A^  >  Nc,  they 
become  equal  to  zero.  These  solutions  can  be  regarded  as  corresponding  to  an 
irreversible  depletion  of  the  thrombocytopoietic  system.  Depletion  of  this  kind 
was  observed  in  mice  during  prolonged  exposure  to  high  radiation  dose  rates 
(fig.  1.7)  [28, 30]. 

In  turn,  when  a  new  stationary  state  sets  up  in  the  thrombocytopoietic  system 
at  low  and  moderate  dose  rates  N,  it  can  be  regarded  as  system  adaptation  to 
chronic  radiation  and  the  stationary  state  itself  as  a  new  homeostasis.  Note  that 
adaptation  to  prolonged  radiation  exposures  of  cellular  self-renewing  systems, 
including  that  of  thrombocytopoiesis,  was  observed  in  mammals  by  several 
authors  [28,  29,  31]. 

It  should  be  mentioned  that  all  the  parameters  of  the  model  were  varied  within 
reasonable  ranges  during  a  preliminary  study  on  a  computer.  It  was  found  that 
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minimal  concentrations  of  Xi,  X2,  and  X3  cells  are  largely  determined  by  the 
parameter  Di,  which  specifies  radiosensitivity  of  bone  marrow  thrombocyte 
precursors  capable  of  dividing.  The  parameter  Di  as  well  as  the  coefficients 
02,  and  O  exert  a  considerable  effect  on  the  new  stationary  concentrations 
of  the  Xi ,  X2,  and  X3  cells.  All  the  quantities  listed  also  depend  on  the  variable 
parameter  N — the  dose  rate  of  prolonged  radiation. 

The  results  obtained  with  this  model  are  in  qualitative  agreement  with  patterns 
observed  in  studies  of  thrombocytopoiesis  in  various  manunals  exposed  to 
chronic  radiation  [22,  32]. 

Next  we  simulated  experiments  with  acute  radiation  of  mice.  The  dynamics 
of  thrombocytopoiesis  for  sublethal  doses  is  shown  in  figure  1.8.  Experimental 
data  from  reference  20  are  represented  by  average  values  of  platelet  concen¬ 
tration  in  the  peripheral  blood  of  mice  at  different  intervals  of  time  following 
irradiation,  and  the  model  results  are  shown  by  three  kinetic  curves.  The  first 
curve  represents  the  dynamics  of  the  concentration  for  the  entire  Xi  pool,  which 
includes  undamaged,  damaged,  and  heavily  damaged  cells.  Starting  from  the 
time  when  concentrations  of  Xdi  andXhdl  cells  are  at  zero,  this  curve  describes 
the  concentration  of  undamaged  Xi  cells.  This  representation  of  the  computa¬ 
tions  allows  reconstruction  of  not  only  the  recovery  process  but  also  the 
dynamics  of  reduction  of  pool  Xi  cell  concentration  as  a  result  of  death  of  some 
of  these  cells.  The  second  and  third  kinetic  curves  in  figure  1.8  describe  the 
concentrations  of  radioresistant  X2  andX3  cells,  respectively.  One  can  see  that 
platelet  concentration  decreases  both  in  the  model  and  in  the  experiment  within 
the  first  8  days  after  irradiation.  Then  the  recovery  process  sets  up.  By  day  16 
postirradiation  the  platelet  concentration  reaches  a  maximum  and  decreases 
once  again.  The  recovery  process,  having  the  form  of  damped  oscillations,  is 
essentially  completed  in  50  days  after  irradiation. 

We  have  also  obtained  a  dependence  on  acute  irradiation  dose  in  the  damage 
process  of  the  thrombocytopoietic  system  similar  to  that  observed  in  earlier 
experiments  [20].  The  initial  decrease  of  platelet  concentration  in  the  blood  of 
irradiated  animals  is  greater  the  larger  the  radiation  dose  D.  Similar  depend¬ 
encies  on  D  are  typical  of  minimal  concentrations  of  Xi  and  X2  cells. 

When  varying  the  values  of  the  parameters  in  the  course  of  preliminary 
computer-aided  study  of  the  model,  we  found  that  the  principal  indices  of 
postirradiation  damage  of  the  thrombocytopoietic  system — namely  the  mini¬ 
mal  levels  of  Xi,  X2,  and  X3  cell  concentrations— are  largely  determined  by 
the  parameter  Di,  which  specifies  the  radiosensitivity  of  bone  marrow  throm¬ 
bocyte  precursors  (Xi  cells),  and  also  by  radiation  dose  D. 

Dose  dependencies  of  postirradiation  dynamics  of  damage  and  recovery  of  the 
thrombocytopoietic  system  qualitatively  agree  with  experimental  data  on  other 
mammals  [20]. 
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1.4.  Lymphopoiesis 


The  lymphocyte  is  a  type  of  white  blood  cell  (leukocyte).  The  first  morpho¬ 
logically  identifiable  lymphocyte  precursors  in  the  bone  marrow  are  lym¬ 
phoblasts.  These  cells  later  reach  the  stage  of  nondividing  maturing 
lymphocytes.  Mature  lymphocytes  leave  the  bone  marrow  and  pass  into  the 
blood.  Lymphocytes  are  capable  of  passing  from  the  blood  flow  to  the  lymph 
and  back  and  also  of  residing  in  lymphatic  organs  (thymus,  spleen,  lymph 
nodes,  etc.).  Reproduction  of  bone-marrow  lymphocyte  precursors  is  control¬ 
led  by  the  lymphocytic  chalone  [16, 17]. 

In  describing  bone  marrow  lymphopoiesis  we  restrict  ourselves  to  examining 
the  lymphocyte  dynamics  in  the  absence  of  any  antigenic  stimulation.  We 
denote  bone  marrow  precursor  cells  from  stem  cells  in  the  respective  microen¬ 
vironment  to  lymphoblasts  by  Xi,  nondividing  maturing  lymphoid  cells  of  the 
bone  marrow  by  X2,  and  mature  lymphocytes  in  the  blood  by  X3.  By  using 
equations  1.1  to  1.3  and  relation  1.6,  the  pattern  of  variation  of  the  concentra¬ 
tions  XI,  X2,  and  x3  is  described  by  the  system  of  three  differential  equations: 


dx\ 

~di 

dx2 

dt 

dx2 

dt 


_ gxi _ 

1  +  P(xi  -h  02X2  +  03x3) 

yxi  -  6x2, 

6x2  -  V|tx3. 


-yxh 


(1.27) 

(1.28) 

(1.29) 


The  block  diagram  of  system  1.27-1.29  is  presented  in  fig.  1.2B.  The  meaning 
of  the  constants  a,  P,  02,  Q3,  y  =  C,  8  =  F,  \]f  =  E  is  the  same  as  in  equations 
1.1 -1.6  (see  section  1.2). 


System  1.27-1.29  has  two  singular  points.  The  first  singular  point  is  trivial. 
The  coordinates  xi,  X2,  X3  of  the  second  point  are  positive  if  a  >  y.  In  this  case 
xi  is  the  normal  lymphoid  cell  concentration.  The  trivial  singular  point  is 
unstable  (saddle)  if  a  >  y  and  stable  (node)  if  a  <  y.  The  second  singular  point 
can  become  unstable  (saddle-focus).  In  this  case  the  system  has  a  particular 
solution:  a  stable  limit  cycle.  Within  model  1.27-1.29  we  derived  algebraic 
equations  determining  in  the  space  of  the  parameters  the  bifurcation  of 
generation  of  a  stable  limit  cycle.  The  equations  are  similar  to  those  obtained 
in  the  thrombocytopoiesis  model  and  have  the  same  physical  meaning.  The 
limit  cycle  was  obtained  in  the  model  with  the  following  values  of  the 
independent  parameters:  a  =  2.4  dayi,  y=  1.4  day*,  6  =  0.23  day',  \|/  =  0 .1 
day*,  02 =0.5, 03  =  10  (fig.  1 .3B).  The  parameters  are  chosen  so  that  the  period 
T  and  the  amplitude  A  of  oscillations  of  the  X3  cell  dimensionless  concentra¬ 
tions  were  about  50  days  and  A  =  1.2,  respectively.  Note  that  a  cyclic 
lymphopoiesis  kinetics  was  observed  in  dogs  and  in  humans  [33,  34].  When 
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the  second  singular  point  is  stable,  it  can  be  a  node  or  a  focus.  The  dynamics 
of  the  recovery  processes  is  then  either  aperiodic  or  oscillatory,  which  is 
consistent  with  experimental  observations. 

It  is  well  known  that  both  mature  lymphocytes  and  their  precursors  are 
radiosensitive  [20-22].  The  lymphopoiesis  dynamics  models  for  irradiated 
mammals  include  nine  differential  equations  describing  the  concentrations  of 
undamaged,  damaged,  and  heavily  damaged  cells  of  the  three  groups:  Xi,  Xdi, 
andXhdi  (i  =  1, 2,  3)  (see  section  1.2). 

The  model  was  used  to  simulate  lymphopoiesis  dynamics  during  chronic 
irradiation  of  mice.  The  values  of  the  coefficients  62, 03,  *1*  were  chosen  in  the 
course  of  a  computer-assisted  numerical  study  of  the  model.  The  other  12 
independent  parameters  were  found  on  the  basis  of  hematologic  and  radiobi¬ 
ological  data  [16, 20-22, 35]  (table  1.2).  Figure  1.9  shows  the  dynamics  of  Xi, 
X2,  and  X3  cell  concentrations  computed  for  chronic  radiation  at  a  low  dose 
rate.The  figure  also  gives  the  results  of  experiments  [29]  in  which  the  lympho¬ 
cyte  concentration  in  the  blood  of  H  strain  mice  was  measured  at  different  time 
intervals  after  onset  of  radiation.  There  is  good  agreement  between  the  model 
and  experimental  results  on  blood  lymphocyte  (X3  cell)  dynamics.  The  calcu¬ 
lated  value  of  =  9.92  does  not  exceed  its  critical  value  x  0,05  =  18-307  (the 
number  of  degrees  of  freedom  n  =  10). 

This  model  was  used  to  study  the  lymphopoiesis  dynamics  for  other  low  and 
moderate  dose  rates  of  chronic  radiation.  It  has  been  found  that  when  the 
transition  process  in  the  form  of  rapidly  damped  oscillations  is  over,  the 
dimensionless  concentrations  of  Xi,  X2,  and  X3  cells  take  on  new  stationary 
values  XI,  xi,  and  X3.  As  in  earlier  experiments  [28, 29],  the  stationary  level  of 
blood  lymphocyte  concentration  X3  declines  as  N  increases.  The  stationary 
concentrations  xi  and  X2  depend  on  the  dose  rate  A  in  a  more  complicated  way 
(fig.  1.10).  Analysis  of  the  model  has  shown  that  if  the  parameters  satisfy  th^e 
conditions  D1/D2  <  7/8  and  O  <  p/\|/,  the  stationary  concentrations  xi  and  X2 
exceed  the  normal  level  at  0  <  AT  <  and  0  <  A  <  A2,  respectively.  This 
prediction  of  the  model  was  confirmed  experimentally  [32,  36].  The  effect  of 
chronic  radiation  on  lymphopoiesis  is  manifested  in  an  enhanced  mitotic 
activity  of  Xi  cells.  This  finding  also  agrees  with  an  earlier  experiment  [37]. 

The  elevated  (compared  to  normal)  concentration  of  lymphocyte  precursors 
capable  of  dividing  (Xi  cells)  and  of  their  nondividing  progeny  (X2  cells)  in 
the  bone  marrow  of  mammals  can  be  regarded  as  a  manifestation  of  stimulation 
of  the  lymphopoietic  system  adaptation  to  prolonged  radiation  at  low  dose 


Table  1.2.  Parameters  of  the  lymphopoiesis  model. 
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rates.  This  phenomenon  can  be  called  radiation  hormesis  (opposite  effects  of 
low  and  high  doses  and  dose  rates  of  radiation  on  the  biota),  which  has  been 
the  subject  of  intensive  studies  [38,  39].  Note  that  the  curves  in  figure  1.10, 
which  show  the  dependence  of  stationary  concentrations  of  lymphoid  cells  in 
the  bone  marrow  on  the  dose  rate  N  of  chronic  radiation,  have  the  same  shape 
as  a  hypothetic  generalized  dose-effect  curve  illustrating  the  existence  of 
radiation  hormesis  in  continuous  irradiation  [39]. 

Figure  1.10  shows  that  for  N  >  Ni  and  Af  >  N2  the  stationary  concentrations  of 
Xi  andX2  cells  decrease,  respectively,  as  N  increases.  The  stationary  concen¬ 
trations  of  Xi,  X2,  and  X3  cells  become  equal  to  zero  at  N  >  Nc.  The  quantity 
Nc  in  the  lymphopoiesis  and  thrombocytopoiesis  models  is  defined  by  the  same 
formula,  1.26,  but  is  smaller  for  the  lymphopoiesis  system:  Nc  =  1.4  Gy/day. 

In  both  the  lymphopoiesis  and  thrombocjdopoiesis  models,  the  kinetic  curves 
describing  the  concentrations  of  Xi,  X2,  and  X3  cell  pools  at  high  dose  rates 
N  have  an  aperiodic  character.  The  concentrations  of  lymphoid  cells  in  the 
bone  marrow  and  of  lymphocytes  in  the  blood  drop  to  levels  incompatible  with 
life  (at  N  ~  Nc)  or  to  zero  (at  N  >  Nc).  These  model  results  agree  with 
experimental  data  [30]  and  correspond  to  irreversible  depletion  of  the  lym¬ 
phopoietic  system  in  mammals,  resulting  in  the  death  of  irradiated  animals 
(fig.  1.11). 

During  the  preliminary  computer  study  of  the  model  all  the  parameters 
underwent  variation.  It  was  found  that  the  minimal  concentrations  of  Xi,  X2, 
and  X3  cells  depend  mainly  on  the  parameters  Di,  D2,  D3  specifying  the 
radiosensitivity  of  these  cells.  The  parameters  Di,  D2,  D3  as  well  as  the 
coefficients  62,  03,  ‘I*  have  an  appreciable  influence  on  the  new  stationary 
levels  of  Xi,  X2,  X3  cell  concentrations.  The  above  quantities  also  depend  on 
the  variable  parameter  N — the  dose  rate  of  continuous  irradiation. 

The  results  obtained  within  the  framework  of  the  model  are  qualitatively 
consistent  with  the  patterns  observed  in  experiments  on  lymphopoiesis  dynam¬ 
ics  in  various  mammalian  species  during  chronic  irradiation  [22,  32]. 

The  dynamics  of  lymphopoiesis  in  acute  irradiation  at  sublethal  dose  is  shown 
in  figure  1 . 12  A.  Hulse’s  experimental  data  [40]  are  represented  by  mean  values 
of  lymphoid  cell  concentrations  in  the  bone  marrow  and  lymphocyte  concen¬ 
trations  in  the  blood  of  rats  at  various  intervals  after  irradiation.  Model  data 
are  indicated  by  three  curves  of  cell  concentrations  for  the  three  pools  Xi,  X2, 
X3,  which  include  undamaged,  damaged,  and  heavily  damaged  cells.  Such  a 
representation  of  the  computations  helps  illustrate  the  dynamics  of  the  damage 
and  recovery  of  lymphopoiesis.  A  similar  representation  has  already  been  used 
to  describe  the  kinetics  of  radiosensitive  Xi  cell  concentration  in  the  thrombo¬ 
cytopoiesis  model  (see  section  1.3)  and  will  be  used  to  reproduce  the  postir¬ 
radiation  dynamics  of  radiosensitive  cell  concentrations  in  the  erythropoietic 
and  granulocytopoietic  systems  (see  sections  1 .5  and  1 .6).  Figure  1 . 12A  shows 
that  within  the  first  postirradiation  days  the  concentrations  of  lymphoid  cells 
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in  the  bone  marrow  and  blood  decreased.  The  computations  have  shown  that 
this  decrease  is  larger  the  higher  the  radiation  dose.  Thereafter  the  recovery 
process  sets  up  and  is  over  within  50  days  after  irradiation.  In  comparison  to 
experimental  values,  the  overestimated  theoretical  values  of  lymphocyte  con- 
centration  in  the  blood  (pool  X3  cells)  seem  to  be  explained  by  an  enhanced 
migration  of  lymphocytes  from  the  blood  to  the  lymph,  which  is  not  considered 
in  our  model. 

In  model  simulation  of  the  effect  of  acute  irradiation  on  lymphopoiesis,  all 
parameters  were  varied,  too.  It  was  found  that  the  indices  of  radiation  injury 
of  the  lymphopoietic  system — minimal  concentrations  of  cells  of  the  Xi,  Xz 
X3  pools — are  largely  determined  by  the  coefficients  Di,  D2,  and  D3  specify¬ 
ing  the  radiosensitivity  of  these  cells  and  by  the  dose  D. 

Specific  features  of  postirradiation  lymphopoiesis  dynamics  obtained  in  the 
model  qualitatively  agree  with  results  of  experiments  on  the  effects  of  acute 
irradiation  on  lymphopoiesis  in  various  mammalian  species  [20]. 

Some  interesting  data  were  obtained  in  computer  simulation  of  acute  irradia¬ 
tion  of  animals  that  had  been  previously  exposed  to  chronic  irradiation  at  low 
dose  rate  N.  The  initial  conditions  were  given  by  formula  1.16  (see  section 
1.2).  Figure  1 . 1 2B  shows  the  calculated  dynamics  of  lymphopoiesis  after  acute 
irradiation  of  rats  at  the  same  dose  as  shown  in  figure  1.1 2 A.  Rats  had  been 
previously  exposed  to  chronic  irradiation  with  N  =  0. 1  Gy/day.  One  can  see 
that  prolonged  preliminary  radiation  exposure  at  a  low  dose  rate  N  stimulates 
the  recovery  processes  in  the  lymphopoietic  system:  they  become  faster  and 
more  intense.  Calculations  have  shown  that  as  the  preliminary  irradiation  dose 
rate  N  increases,  the  stimulating  effect  first  grows  and  then  diminishes.  The 
maximum  of  the  stimulating  effect  correlates  well  with  the  maximum  station¬ 
ary  concentration  of  lymphocyte  precursors  capable  of  dividing  in  the  bone 
marrow  of  mammals  exposed  to  preliminary  continuous  irradiation  (fig.  1.10). 
Thus,  model  solutions  are  consistent  with  the  evidence  demonstrating  an 
enhancement  of  the  ability  for  tissue  self-repair  in  mammals  (rats,  mice,  and 
humans)  that  have  been  exposed  for  a  long  time  to  elevated  radiation  levels 
[39,  41].  Modeling  results  indicate  that  to  account  for  the  stimulating  effect 
there  is  no  need  to  resort  to  any  additional  hypotheses  on  mechanisms  of  action 
of  low  dose  rate  radiation  on  lymphopoiesis.  The  stimulating  effect  can  be 
described  by  the  chalone  theory  of  hematopoiesis  regulation. 


1.5.  Erythropoiesis 


Erythrocytes  are  red  blood  cells  [16]  that  have  a  vital  function:  transporting 
oxygen  in  the  blood.  The  first  morphologically  identifiable  precursors  of 
erythrocytes  in  the  bone  marrow  are  proerythroblasts.  The  reproducing  cells 
of  the  erythrocytic  series  also  include  the  basophilic  erythroblast  and  early  and 
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average  polychromatophil  normoblasts.  The  rate  of  reproduction  of  erythro¬ 
cyte  precursors  is  controlled  by  the  erythrocytic  chalones  [16,  17].  Cell 
division  ceases  at  the  subsequent  stages  of  differentiation  and  maturation  (late 
polychromatophil  normoblast,  oxyphilic  normoblast,  pronormocyte,  normo¬ 
cyte,  reticulocyte,  erythrocyte).  Mature  cells  leave  the  bone  marrow,  circulate 
in  the  peripheral  blood,  then  die.  As  before,  we  divide  all  the  cells  of  the 
erythrocytic  series  into  groups  Xi,  X2,  and  X3.  In  accordance  with  the  above- 
stated  concepts  and  model  1 . 1  - 1 .3  and  1 .6,  the  concentration  dynamics  in  these 
groups  can  be  described  by  differential  equations  1.27-1.29.  Therefore,  all 
results  of  the  analytic  investigation  of  the  lymphopoiesis  model  are  valid  for 
the  erythropoiesis  model.  In  particular,  a  stable  limit  cycle  (fig.  1.3C)  was 
found.  The  values  of  the  independent  parameters  have  been  chosen  so  that  the 
modeling  results  correspond  to  the  cyclic  kinetics  of  erythropoiesis  in  healthy 
dogs  [42];  the  values  are  ot  =  2.4  dayl,  y  =  1.4  day*,  5  =  0.3  day*,  \|i  =  0.033 
day*,  02  =  0.1,  and  63  =  2. 

As  regards  the  effects  of  radiation  on  the  erythropoiesis,  experiments  have 
shown  that  erythrocytes  in  the  blood  are  radioresistant,  whereas  their  precursor 
cells  in  bone  marrow  are  sensitive  to  radiation  [20-22].  Therefore,  models  of 
erythropoiesis  dynamics  for  irradiated  mammals  comprise  seven  differential 
equations  to  describe  the  concentrations  of  undamaged,  damaged,  and  heavily 
damaged  X/,  Xd/,  and  Xhdi  cells,  respectively,  (i  =  1,  2),  and  also  the  concen¬ 
tration  of  radioresistant  X3  cells  (see  section  1 .2). 

Our  model  was  used  to  calculate  erythropoiesis  dynamics  in  mice  exposed  to 
chronic  radiation.  The  values  of  the  coefficients  02,  03,  and  <1>  were  chosen  in 
the  process  of  solving  the  equations  numerically  on  a  computer.  The  values  of 
the  other  ten  independent  parameters  were  determined  from  hematologic  and 
radiobiological  experimental  data  [16, 20-22, 43]  (table  1.3).  The  dynamics  of 
Xi,  X2,  and  X3  cell  concentrations  computed  for  chronic  irradiation  at  a  low 
dose  rate  are  shown  in  figure  1.13.  Also  presented  in  the  figure  are  the  results 
of  experiments  [29]  in  which  the  erythrocyte  concentration  in  the  blood  of 
mice  of  H  strain  was  measured  at  various  intervals  of  time  from  the  onset  of 
irradiation.  The  statistical  x^-test  was  used  to  check  the  adequacy  of  the  model 
and  the  experimental  results.  The  computed  value  of  =  5.89  did  not  exceed 
its  critical  value  xl^s  =  14.067  (the  number  of  degrees  of  freedom  n  =  7),  which 
is  indicative  of  agreement.  Figure  1.13  demonstrates  that  upon  completion  of 
the  transition  process  a  new  dynamic  equilibrium  state  is  established  in  the 
system.  This  equilibrium  is  analogous  to  a  new  homeostasis,  and  the  process 
of  its  establishing  is  analogous  to  adaptation  of  the  system  to  the  effect  of 
continuous  irradiation.  This  model  result  is  supported  experimentally  [28, 29, 31]. 


Table  1.3.  Parameters  of  the  erythropoiesis  model. 
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The  transition  process  in  the  erythropoietic  system  has  some  peculiarities. 
Whereas  the  concentrations  of  Xi  and  Xi  cells  after  irradiation  drop  to  some 
minimal  levels,  then  increase  and  assume  new  stationary  values,  the  concen¬ 
tration  of  X3  cells  slowly  reduces  until  it  reaches  a  stationary  level.  This  seems 
to  be  due  to  the  "inertia"  of  the  X3  cell  population  resulting  from  the  large  life 
span  of  blood  erythrocytes  and  their  radioresistance.  As  in  experiments  [28, 
29],  the  new  stationary  concentration  of  X3  cells  (^3)  decreases  as  N  increases. 
The  same  relationship  is  valid  for  the  stationary  coiKeihrations  of  Xi  and  X2 
cells  (jq,  X2);  (fig.  1.14).  Figure  1.14  shows  thatxi,  X2,^  are  zero  at  A  >  Ac. 
Note  that  Ac  is  defined  by  the  same  formula  1.26  as  in  the  lymphopoiesis  and 
thrombocytopoiesis  models  and  is  close  to  the  critical  dose  rate  for  the 
lymphopoietic  system:  Ac  =  1.53  Gy/day. 

At  A  values  that  are  close  to  or  exceed  the  critical  dose  rate,  erythropoiesis 
dynamics  is  aperiodic  as  in  models  considered  earlier.  The  concentrations  of 
cells  Xi,  X2,  X3  decrease  to  low  values  at  A  -  Ac  and  to  zero  at  A  >  Ac. 
Comparison  of  the  model  dynamics  of  X3  cells  calculated  for  lethal  dose  rates 
with  the  corresponding  experimental  data  on  the  kinetics  of  erythrocyte 
concentration  in  the  blood  of  mice  [30]  demonstrates  their  qualitative  and 
quantitative  agreement  for  the  first  10  days  from  onset  of  irradiation  (fig.  1.15). 
The  comparison  could  not  be  continued  because  of  the  death  of  the  mice. 

During  a  preliminary  computer  study  of  the  model,  all  parameters  were  varied 
within  reasonable  ranges.  It  was  found  that  minimal  concentrations  of  Xi  and 
X2  cells  are  mainly  determined  by  the  parameters  D\  and  D2  that  specify  the 
radiosensitivity  of  these  cells.  The  same  parameters,  as  well  as  the  coefficients 
62,  03,  and  <I>,  govern  to  a  considerable  degree  the  new  concentration  levels 
for  Xi,  X2  and  X3  cells.  The  values  also  depend  on  the  variable  parameter 
A — the  dose  rate  of  chronic  irradiation. 

The  above  results  of  numerical  modeling  qualitatively  correspond  to  the 
erythropoiesis  dynamics  in  other  mammalian  species  during  protracted  irra¬ 
diation  [22,  32]. 

Erythropoiesis  in  rats  after  acute  irradiation  at  various  doses  was  also  modeled. 
The  values  of  the  parameters  are  listed  in  table  1.3.  The  model  qualitatively 
reproduces  the  basic  patterns  of  postirradiation  dynamics  of  erythropoietic 
cells  in  the  bone  marrow  and  erythrocytes  in  the  peripheral  blood  [20, 40, 44]. 
For  example,  the  model  describes  a  postirradiation  decrease  in  concentration 
of  all  the  three  cell  groups.  Having  decreased  to  minimal  values,  the  cell 
concentrations  of  Xi  and  X2  pools  start  growing,  reach  a  maximum,  decline, 
and  return  to  the  initial  level;  X3  cell  concentration  reaches  the  normal  level 
practically  without  oscillations.  Dose  dependence  of  the  minimal  cell  concen¬ 
trations  of  the  pools  Xi  and  X2  in  the  erythropoietic  model  is  the  same  as  in 
the  lymphopoietic  and  thrombocytopoietic  models:  the  minimal  level  is  lower 
the  higher  the  radiation  dose  is. 
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Modeling  results  also  agree  quantitatively  with  experimental  data.  This  is 
evident  from  figure  1.16A,  which  shows  the  calculated  and  experimental 
concentration  changes  of  the  erythrocyte  precursors  in  the  bone  marrow  (cells 
of  the  Xi  and  X2  pools)  and  of  the  erythrocytes  in  the  blood  (X3  cells)  of  rats 
following  acute  irradiation  at  a  sublethal  dose  [20,  40].  However,  the  model 
does  not  describe  a  peculiar  feature  of  postirradiation  dynamics  of  the  bone 
marrow  erythrocyte  precursors,  which  is  an  elevation  of  cell  concentration 
shortly  after  irradiation  ("abortive"  elevation).  At  present,  there  is  no  consen¬ 
sus  of  opinion  as  to  the  nature  of  the  abortive  concentration  elevation.  Many 
authors  explain  it  by  the  existence  of  weakly  damaged  cells  that  do  not  belong 
to  the  groups  of  cells  termed  damaged  and  heavily  damaged  in  this  work.  It  is 
suggested  that  these  weakly  damaged  cells  (Xwdl  cells)  divide  and  differentiate 
as  ordinary  intact  Xi  cells  for  the  first  few  days,  whereupon  they  die  together 
with  their  progeny  [20]. 

The  theory  of  abortive  elevation  has  been  taken  into  account  in  the  model  in 
the  following  way.  In  addition  to  Xi,  Xdi,  and  Zhd/  cells  we  have  introduced 
Zwdi  cells  (i  =  1, 2, 3).  Their  concentration  Xwd/  in  the  time  interval  from  onset 
of  irradiation  to  the  time  of  maximum  abortive  elevation  (t  =  tae)  is  described 
by  equations  identical  to  those  for  the  Xi  cell  concentrations.  Next  we  assumed 
for  the  sake  of  simplicity  that,  at  time  tae,  cells  from  the  Xwdi  group  pass  to  the 
2fhd(  group  and  die  at  a  specific  rate  V2.  Expression  1.12  was  transformed  to 
take  into  account  the  contribution  of  Zwd/  cells  to  chalone  production.  The 
initial  conditions  for  solving  the  modified  system  of  equations  were  also 
changed.  Two  new  parameters,  D\ ,  andDc,  were  substituted  for  the  coefficient 
D\.  The  parameter  D\  is  the  dose  after  which  the  total  number  of  undamaged 
and  weakly  damaged  cells  is  37%  of  the  initial  number  of  Xi  cells.  The 
parameter  Dc  is  the  dose  after  which  the  number  of  weakly  damaged  cells  is 
37%  of  the  initial  number  of  Zi  cells  (see  table  1.3). 

Figure  1.1 6B  presents  the  dynamics  of  erythropoiesis  calculated  within  the 
framework  of  the  modified  model  for  the  same  dose  as  in  figure  1.1 6 A.  In 
figure  1.1 6B  the  model  reproduces  the  abortive  elevation  of  erythroid  cell 
concentration  in  the  bone  marrow.  As  shown  by  model  studies,  the  magnitude 
of  the  secondary  depletion  is  determined  by  the  number  of  Xi  cells  left  intact 
after  irradiation,  and  the  amplitude  of  the  abortive  elevation  depends  on  the 
size  of  the  Zwdl  cell  population. 

The  models  described  do  not  include  the  contribution  of  erythropoietin  to  the 
regulatory  processes.  This  simplification  is  explained  by  the  following  consid¬ 
erations.  It  is  believed  that  erythropoietin  substantially  affects  erythropoiesis 
in  mammals  in  conditions  of  emergency  (hemorrhages,  hypoxia,  etc.)  when  a 
quick  response  of  the  blood  system  is  needed  to  provide  required  oxygen  to 
the  organism.  In  the  experimental  conditions  we  deal  with,  no  such  emergen¬ 
cies  are  likely  to  arise.  With  low  and  moderate  doses  D  of  acute  radiation  and 
dose  rates  N  of  chronic  radiation,  hemorrhages  do  not  occur,  and  hypoxia  is 
very  weak  if  at  all  present,  because  the  reduction  of  erythrocyte  concentration 
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in  the  blood  is  insignificant.  At  high  D  and  N,  animals  die  either  before  a 
hemorrhage  takes  place  or  at  the  time  of  hemorrhage. 

In  the  course  of  the  preliminary  computer  study  of  the  model,  all  the  parameters 
were  varied.  It  was  found  that  the  basic  indices  of  radiation-induced  damage 
of  the  erythropoietic  system — ^the  minimal  concentrations  of  Xi,  Xi,  and  X3 
cells — are  largely  determined  by  the  parameters  D\  and  D2  that  specify  the 
radiosensitivity  of  Xi  and  X2  cells,  as  well  as  by  the  radiation  dose  D.  The 
magnitude  of  secondary  depletion  depends  to  a  large  extent  on  D,  D\^  and  Z)c. 

The  results  of  modeling  we  obtained  are  qualitatively  consistent  with  the 
observed  postirradiation  patterns  of  erythropoiesis  in  different  mammalian 
species  [20]. 


1.6.  Granulocytopoiesis 


Granulocytes  are  a  class  of  leukocytes.  Their  function  in  the  organism  is  a 
nonspecific  immune  protection  by  digestion  of  foreign  substances  with  the 
help  of  hydrolytic  enzymes.  The  first  morphologically  identifiable  granulocyte 
precursor  cells  in  the  bone  marrow  are  myeloblasts.  The  dividing  cells  of  the 
granulocyte  series  also  include  promyelocytes  and  myelocytes.  Reproduction 
of  the  granulocyte  precursors  is  controlled  by  the  granulocytic  chalone  [16, 
17].  At  subsequent  stages  of  differentiation  and  maturation  (metamyelocyte, 
granulocyte)  the  cells  do  not  divide.  For  some  time  mature  cells  remain  in  the 
bone  marrow,  in  the  so-called  bone  marrow  depot,  then  pass  into  the  blood. 
There  is  a  negative  feedback  between  the  rate  of  granulocyte  emergence  from 
the  bone  marrow  and  the  number  of  granulocytes  in  the  peripheral  blood.  From 
the  blood  the  granulocytes  migrate  to  the  tissues;  tissue  granulocytes  no  longer 
circulate,  and  this  is  the  final  stage  of  their  life. 

First  we  constructed  a  simplified  model.  We  denote  by  Xi  the  bone  marrow 
precursor  cells,  from  stem  cells  in  the  respective  microenvironment  to  myelo¬ 
cytes;  by  X2,  the  metamyelocytes  and  the  mature  bone  marrow  granulocytes, 
and  by  X3,  the  mature  granulocytes  outside  the  bone  marrow.  With  equations 
1. 1-1.3  and  relation  1.6,  the  changes  in  cell  concentrations  x\,  X2,  and  X3  can 
be  described  as  follows: 


dx\ 

dt 

dx2 

dt 

dx3 

dt 


a  XI 


- yx[, 

1  -1-  |3(xi  +  02X2  +  03x3) 

(1.30) 

yxi  -  Fx2, 

(1.31) 

Fx2  -  VX3. 

(1.32) 
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The  block  diagram  of  system  1.30-1.32  is  illustrated  in  figure  1.2C.  The 
constant  coefficients  a,  P,  02,  03,  y  =  C  'K  =  ^  have  the  same  meaning  as  in 
equations  1. 1-1.6.  The  specific  rate  of  granulocyte  supply  to  the  blood  flow, 
with  consideration  for  the  bone  marrow  depot,  we  represent  as  a  decreasing 
function  of  the  concentration  ;c3: 

F  =  6(1  +  Mx2)/(1  -I-  L;c2).  33) 

The  quantities  8  and  6  MIL  are  the  maximal  and  minimal  specific  rates  of 
granulocyte  output  from  the  bone  marrow,  respectively.  The  constants  L  and 
M  are  related  by  inequality  L>M. 

System  1 .30- 1 .32  has  two  singular  points.  The  first  point  is  trivial.  The  second 
singular  point  X2,  X3  is  in  the  positive  octant  if  a  >  y,  as  in  the  preceding 
cases.  This  point  corresponds  to  the  normal  state  of  granulocytopoiesis.  The 
trivial  singular  point  is  either  a  stable  node  (a  <  y)  or  a  saddle  (a  >  y).  When 
a  >  y,  the  second  singular  point  located  in  the  positive  octant  can  be  unstable 
(saddle-focus),  and  then,  apart  from  unstable  singular  points,  the  system  has 
one  more  particular  solution:  a  stable  limit  cycle.  The  algebraic  equations 
defining  in  the  space  of  the  parameters  the  bifurcation  of  the  stable  limit  cycle 
generation  are  similar  to  those  derived  in  the  models  of  other  hematopoietic 
lines  and  have  the  same  physical  meaning.  Figure  1 .3D-F  shows  projections 
onto  the  phase  planes  {xi  X2 } ,  {x3  jci }  {x2  jg  }  of  the  integral  curves  of  system 
1.30-1.32  converging  to  the  limit  cycle.  Computations  were  performed  with 
a  =  2.4 day-1, y  =  0.5  day-l,  v|/  =  0.15  dayl,  6  =  0.2  dayl,  m=Mxl  =  0.33,  /  = 
Zxj  =  1.12,  02  =  0.5,  and  03  =  10.  The  initial  conditions  were  3ci(0)  =  X2(0)  = 
X3(0)  =  2  andxi(O)  =2.2,  X2(0)  =  2.05,  X3(0)  =  1.25.  The  chosen  parameters 
are  such  that  the  period  and  amplitude  of  oscillations  of  dimensionless  cell  X3 
concentration  (T  =  5 1  day,  A  =  0.43)  coincide  by  the  order  of  magnitude  with 
the  corresponding  characteristics  of  granulocyte  concentration  oscillations  in 
the  blood  of  healthy  men  and  women  [45]. 

In  cases  when  the  second  singular  point  becomes  stable,  it  can  be  either  a  node 
or  a  focus.  That  means  that  when  the  variables  xi,x2,  xs  deviate  from  this  point, 
the  kinetic  curves  return  to  it  either  aperiodically  or  with  oscillations,  and  this 
was  observed  in  experiments. 

Researchers  often  restrict  study  to  only  two  indices:  the  concentration  of 
granulocytes  in  the  peripheral  blood  and  the  total  number  of  granulopoietic 
elements  in  the  bone  marrow.  For  an  effective  comparison  of  modeling  results 
and  experimental  data,  system  1.30-1.32  should  be  modified.  Instead  of  1.32 
we  introduce  two  equations  for  granulocytes  in  the  peripheral  blood  and  those 
in  tissues  (cells  X4  and  X5  and  their  respective  concentrations  X4  andxs).  We 
assume  that  the  specific  rate  of  granulocyte  output  from  the  bone  marrow  depot 
is  largely  determined  by  the  granulocyte  concentration  in  the  bloodstream. 
Finally,  the  model  takes  the  form 
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^  ^ - Vfl, 

dt  1  +  P  (jci  +  02^2  +  04^4  +  05J^5)  (1-34) 


dx2 

dt 


Y^ci  - 


5 


1  +  Mxl 
1  +  Lxl 


X2, 


dx4 

dt 


5 


1  +  Mxl 
1  +  Lxl 


X2  -  Ka:4, 


(1.35) 


(1.36) 


d^ 

dt 


KX4  - 


(1-37) 


In  equations  1.36  and  1.37,  the  parameter  K  is  the  specific  rate  of  passage  of 
cells  from  group  X4  to  group  X5.  The  block  diagram  of  system  1.34-1.37  is 
shown  in  figure  1.2D.  System  1.34-1.37  has  two  singular  points.  The  first 
singular  point  is  trivial,  and  the  coordinates  xi  of  the  second  point  are  identical 
to  normal  concentrations  of  Xi  cells  (i  =  1 ,  2,  4, 5). 


Experiments  have  shown  that  all  cells  of  the  granulocytic  series  exhibit 
radiosensitivity  though  in  varying  degrees  [46].  Therefore,  models  of  granu- 
locytopoiesis  dynamics  in  irradiated  mammals  based  on  system  1.34-1.37 
comprise  12  differential  equations  that  describe  the  concentrations  of  undam¬ 
aged,  damaged,  and  heavily  damaged  cells  Xu  Xdu  Xhdi  (*  =  1>  2, 4,  5). 

We  modeled  the  granulocytopoiesis  dynamics  in  chronically  irradiated  mice. 
The  values  of  the  coefficients  02,  04, 05, 0  were  selected  during  a  numerical 
computer  study  of  the  model.  The  rest  of  the  parameters  were  determined  from 
the  available  hematologic  and  radiobiological  data  [16,  20,  21,  22,  46].  All 
these  parameters  are  presented  in  table  1.4.  The  dynamics  of  dimensionless 
concentrations  of  Xi,  X2,  X4,  X5  cells  (xi  =  x\fx\,  X2  =  X2jx2,  X4  —  X4fx4^  xs  = 
X5/X5)  calculated  on  a  computer  for  low  dose  rates  of  chronic  irradiation  and 
the  corresponding  experimental  values  of  granulocyte  concentration  in  the 
blood  [28]  are  demonstrated  in  figure  1.17.  The  modeling  results  quantitatively 
agree  with  experimental  data.  The  calculated  value  of  =  0.458  does  not 
exceed  its  critical  value  =  18.307  (n  =  10).  Figure  1.17  shows  that  after 
the  onset  of  irradiation  the  concentrations  of  Xi,  X2,  X4  and  X5  cells  first 
decrease  to  certain  minimal  values  but  later  increase  and  reach  new  stationary 
levels.  The  relationships  between  the  new  stationary  dimensionless  concen¬ 
trations  of  these  cells  (ici,  X2,  M,  X5)  and  dose  rate  A  are  shown  in  figure  1.18. 
Within  certain  rai^e^of  variation  of  chronic  irradiation  dose  rate  N,  the 
concentrations  3ci,  X2,  M  can  be  higher  than  normal.  This  result  was  experi¬ 
mentally  confirmed  [32, 37].  New  stationary  concentrations  of  X5  cells  drop 
below  the  normal  level  as  N  increases. 
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The  effect  of  chronic  irradiation  on  granulocytopoiesis  also  manifests  itself  in 
enhanced  mitotic  activity  of  Xi  cells,  which  agrees  with  experimental  data  [37, 
47], 

The  elevated  concentrations  of  Xi  cells  and  their  nondividing  X2  cell  progeny 
in  the  bone  marrow  and  of  granulocytes  X4  in  the  blood  can  be  manifestations 
of  the  granulocytopoietic  system  adaptating  to  prolonged  irradiation  at  low 
dose  rates.  This  finding  can  be  classed  with  the  effects  of  radiation  hormesis. 

It  follows  from  figure  1.18  that  the  stationary  concentrations  of  Xi,  X2,  X4,  and 
X5  cells  become  equal  to  zero  at  >  Nc.  The  critical  dose  rate  in  the 
granulocytopoiesis  model  is  determined  by  formula  1.26,  as  in  previously 
described  models,  but  has  the  highest  value:  Nc  =  5.1  Gy/day. 

At  N  values  close  to  or  exceeding  Nc,  granulocytopoiesis  dynamics  has  an 
aperiodic  character,  as  in  the  models  of  other  hematopoietic  lines.  The  con¬ 
centrations  of  cells  of  the  granulocytic  series  drop  to  low  levels  at  ~  Ac  and 
to  zero  at  A  >  Ac.  Such  solutions  can  be  identified  with  an  irreversible 
depletion  of  the  granulocytopoietic  system,  which  was  observed  in  mammals 
at  high  doses  of  chronic  irradiation.  The  results  of  modeling  (fig.  1.19)  agree 
with  the  corresponding  experimental  data  not  only  qualitatively  but  also 
quantitatively  [30]. 

Also  modeled  was  the  granulocytopoiesis  dynamics  in  rats  exposed  to  acute 
irradiation  (table  1.4).  As  with  models  of  other  hematopoietic  lines,  concen¬ 
trations  of  cells  of  the  granulocytic  series  decrease  postirradiation  to  minimal 
values,  which  are  smaller  the  larger  the  dose.  Thereafter  a  recovery  process 
ensues,  which  has  the  character  of  rapidly  damped  oscillations.  When  this 
process  is  over,  the  concentrations  of  all  cell  groups  return  to  initial  levels. 

Concentrations  of  granulopoietic  cells  of  the  bone  marrow  and  of  granulocytes 
in  the  blood  measured  in  rats  at  various  time  intervals  after  irradiation  at 


Table  1.4.  Parameters  of  the  granulocytopoiesis  model. 
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moderate  doses  are  presented  in  figure  1.20  [40,  48].  The  figure  also  shows 
the  corresponding  calculated  curves.  One  can  see  that  the  model  adequately 
reproduces  experimental  results  [40,  48],  except  that  it  does  not  describe  the 
abortive  elevation  of  concentrations  of  these  cells.  The  model  was  therefore 


improved  to  account  for  this  peculiar  feature  of  the  dynamics  of  postirradiation 
granulocytopoiesis  (see  section  1.5).  The  results  of  the  modified  model  calcu¬ 
lations  at  the  same  dose  as  before  are  also  given  in  figure  1.20.  The  modified 
model  does  reproduce  the  abortive  elevation  of  concentrations.  It  should  be 
noted  that  a  comparison  of  experimental  concentration  dynamics  for  blood 


granulocytes  with  the  two  calculated  versions  (curves  II  and  IV,  fig.  1.20) 
yielded  y}  =  7.384  and  =  6.732  that  do  not  exceed  their  critical  values 
=  18.307,  (n  =  10),  i.e,  there  is  quantitative  agreement  in  both  cases. 


Of  interest  are  model  results  for  the  cases  when  mammals  previously  exposed 
to  chronic  irradiation  at  low  dose  rates  N  later  underwent  acute  irradiation. 
The  initial  conditions  were  specified  by  formulas  1.16  (see  section  1 .2).  Figure 
1.20  shows  the  concentration  dynamics  for  bone-marrow  granulocytopoietic 
cells  and  blood  granulocytes  of  rats  after  acute  irradiation  following  prolonged 
radiation  exposure.  It  is  evident  that  a  preliminary  radiation  exposure  at  a  low 
dose  rate  has  a  stimulating  effect  on  the  recovery  process  in  populations  of 
bone  marrow  granulocytic  cells  and  peripheral  blood  granulocytes.  Calcula¬ 
tions  have  shown  that  as  N  increases,  the  stimulating  effect,  just  as  in  the 
lymphopoiesis  model,  first  grows  and  then  decreases.  The  maximum  of  the 
recovery  process  stimulation  correlated  well  with  the  maximum  stationary 
concentration  of  granulocyte  precursors  capable  of  dividing  in  the  bone 
marrow  of  mammals  previously  exposed  to  continuous  irradiation.  A  similar 
result  was  also  obtained  in  the  lymphopoiesis  model  (see  section  1.4).  The 
prediction  of  the  model  is  consistent  with  data  indicating  an  enhanced  capa¬ 
bility  for  tissue  self-repair  in  mammals  exposed  first  to  elevated  radiation 
levels  [39, 41].  Modeling  results  show  that  there  is  no  need  to  account  for  the 
stimulating  effect  by  resorting  to  any  additional  hypotheses  concerning 
mechanisms  of  radiation  effect  at  low  dose  rates  on  granulocytopoiesis.  The 
stimulating  effect  is  described  in  the  model  in  terms  of  the  chalone  theory. 


1.7.  Conclusion 


Thus,  based  on  a  generalized  model  of  the  dynamics  of  an  individual  he¬ 
matopoietic  line,  we  have  elaborated  mathematical  models  that  describe  the 
dynamics  of  thrombocytopoiesis,  lymphopoiesis,  erythropoiesis,  and  granu¬ 
locytopoiesis  under  ordinary  conditions  and  during  acute  and  chronic  irradia¬ 
tion.  These  models  are  systems  of  nonlinear  differential  equations  whose 
variables  are  represented  by  concentrations  of  mature  cells  in  the  blood  and 
their  precursor  cells  in  the  bone  marrow.  The  models  include  the  chalone 
mechanism  of  hematopoiesis  regulation.  They  account  for  the  principal  stages 
of  development  of  hematopoietic  cells  and  make  allowance  for  individual 
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features  of  separate  lines:  the  existence  of  a  bone  marrow  depot  of  granulocytes 
and  the  variable  average  megakaryocyte  ploidy.  The  radiation  dose  and  dose 
rate  are  variable  parameters  of  the  models,  and  the  constant  coefficients  have 
the  meanings  generally  adopted  in  hematology  and  radiobiology. 

The  models  reproduce  the  dynamics  of  hematopoiesis  recovery  in  nonirradi- 
ated  mammals  and  describe  stable  oscillations  of  the  concentrations  of  cells 
in  the  blood  and  their  precursors  in  the  bone  marrow  (limit  cycles).  The  models 
describe  the  dynamics  of  damage  and  recovery  of  pools  of  mature  blood  cells 
and  their  precursors  in  the  bone  marrow  after  acute  irradiation,  simulate 
depletion  of  individual  hematopoietic  lines  during  chronic  irradiation  at  high 
dose  rates,  and  reproduce  the  ability  of  the  hematopoietic  system  to  adapt  itself 
to  protracted  exposures  at  low  and  moderate  dose  rates.  In  the  lymphopoiesis 
and  granulocytopoiesis  systems  we  reproduced  the  effect  of  stimulation  of 
adaptive  processes  at  low  dose  rates  of  continuous  irradiation  and  the  activa¬ 
tion  of  recovery  processes  after  acute  irradiation  in  mammals  exposed  first  to 
prolonged  radiation  at  low  dose  rates.  Modeling  results  demonstrate  that  to 
explain  the  above-mentioned  stimulating  effects  of  radiation  at  low  doses  it  is 
sufficient  to  use  the  chalone  theory  of  hematopoiesis  regulation.  This  is  a  very 
important  conclusion  because  the  effects  of  radiation  hormesis  do  not  so  far 
conclusively  interpret  the  radiobiology. 

Reproduction  of  a  wide  range  of  experimentally  observed  processes  by  the 
models  indicates  that  they  do  take  into  account  the  main  cause-effect  relation¬ 
ships  that  govern  the  function  of  the  hematopoietic  system  both  in  the  absence 
and  in  the  presence  of  ionizing  radiation.  It  also  proves  the  fact  that  when  the 
models  were  being  constructed,  the  chosen  parameters  and  variables  were 
indeed  the  key  ones  characterizing  the  dynamics  of  hematopoiesis.  A  small 
number  of  equations  make  it  possible  to  carry  out  a  bifurcation  analysis  of  the 
models  of  separate  hematopoietic  lines  under  normal  conditions  and  to  find 
the  values  of  the  constant  coefficients  of  the  hematopoiesis  dynamics  models 
for  nonirradiated  and  irradiated  mammals.  This  allows  comparison  of  model¬ 
ing  results  with  experimental  data  at  qualitative  and  quantitative  levels.  The 
agreement  obtained  bears  witness  to  the  validity  of  these  models  for  simulating 
hematopoiesis  dynamics  in  nonirradiated  mammals  and  in  mammals  exposed 
to  acute  and  continuous  radiation. 
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FIGURES 


Fig.  1.1.  Dose  dependence  of  lymphoid  cell  damage  in  rat 
bone  marrow  7  hours  (a)  and  48  hours  (•)  after  exposure  to 
radiation  [22]. 
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Fig.  1.2.  Block  diagrams  of  (A)  thrombocytopoiesis,  (B) 
lymphopoiesis  and  erythropoiesis,  and  (C,  D)  granulocy- 
topoiesis  models. 
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Fig.  1.3.  Stable  oscillations  in  hematopoiesis  models.  (A,  B,  C)  Cyclic  kinetics  of  thrombocytes,  lymphocytes,  and  erythrocytes  in 
blood.  (D,  E,  F)  Projection  of  two  integral  curves  of  the  granulocytopoiesis  model  onto  the  plane  of  states  {^1^2), 
{^3  ^1 }  ,{?2  X3  ]  (closed  curve  shows  limit  cycle). 
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Fig.  1.4.  Dynamics  of  platelet  concentration  in  the  blood  of 
unirradiated  rats.  Results  presented  are  from  a  computer 
calculation  of  equations  1.21-1 .23,  with  (A)  the  initial  values 
of  ^0)  =  1,  ^2(0)  =  1,  JF3(0)  =  0.1;  and  (B)  xi(0)  =  1,  ^2(0) 
=  1,  ^3  (0)  =  1 .8,  and  also  the  experimental  values  of  platelet 
concentration  in  the  blood  of  rats,  with  concentration  first 
deliberately  reduced  to  10%  (A),  then  increased  to  180%  (B) 
of  the  initial  level  [26,  27]. 


Fig.  1.5.  Dynamics  of  thrombocytopoiesis  during  continuous 
irradiation  at  a  dose  rate  iV  =  0.25  Gy/day.  The  calculated  X{, 
X2,  X3  cell  concentrations  are  represented  by  curves  4  /4  and 
in.  Experimental  data  are  given  as  average  concentrations  of 
platelets  in  the  blood  of  mice  and  root-mean-square  deviations 
from  these  values  [29]. 


Fig.  1.6.  New  stationary  concentrations  of  X\  celts  (curve  I) 
and  X2  and  X3  cells  (curve  II)  as  functions  of  the  dose  rate  N 
of  continuous  irradiation  in  the  thrombocytopoiesis  model. 


Fig.  1.7.  Dynamics  of  platelet  concentration  in  the  blood  of 
mice  in  continuous  irradiation  at  a  dose  rate  N-6  Gy/day. 
Modeling  results  (solid  curve);  experimental  data  (•)  [30]. 


Fig.  1.8.  Platelet  dynamics  following  acute  irradiation  at  a 
dose  D  =  4  Gy.  Curve  I  represents  the  concentration  of  cells 
from  the  X\  pool;  curves  II  and  III  represent  concentrations 
of  radioresistant  X2  and  X3  cells,  respectively;  (•)  represents 
the  experimental  values  [20]  of  platelet  concentration  in  the 
blood  of  mice. 
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Fig.  1.9.  Lymphopoiesis  dynamics  during  continuous  irra¬ 
diation  at  a  dose  rate  N=0.\  Gy/day .  Modeling  results  (curves 
/,  II,  and  III  correspond  to  concentrations  of  Xi,  and  X2,  and 
X3  cells,  respectively)  and  experimental  data  [29]  on  the 
dynamics  of  blood  lymphocytes  in  mice. 


Fig.  1.10.  New  stationary  concentrations  of  Xi,  and  X2,  and 
X3  cells  as  functions  of  the  dose  rate  of  continuous  irradia¬ 
tion  (curves  I,  II,  and  III)  in  the  model  of  lymphopoiesis. 


Fig.  1.11.  Dynamics  of  lymphocyte  concentrations  in  the 
blood  of  mice  during  continuous  irradiation  at  a  dose  rate  N 
=  6  Gy/day.  Modeling  results  (solid  curve)  and  experimental 
data  (•)  [30]. 


Fig.  1.12.  Lymphopoiesis  dynamics  after  acute  irradiation  at 
a  dose  D  =  1  Gy  (A)  in  the  absence  of  preliminary  radiation 
and  (B)  after  preliminary  continuous  irradiation  at  a  dose  rate 
N=0A  Gy/Day.  Curves  I,  II,  and  ///represent  the  calculated 
concentrations  of  cells  from  pools  Xi,  and  X2,  andX3,  respec¬ 
tively.  Experimental  [40]  concentrations  of  lymphoid  ele¬ 
ments  in  the  bone  marrow  (0)  and  lymphocytes  in  the 
peripheral  blood  V  of  rats  that  had  not  been  irradiated  pre¬ 
viously. 
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Fig.  1,13.  Erythropoiesis  dynamics  during  continuous  irra¬ 
diation  at  a  dose  rate  A^=  0. 1  Gy/day.  Modeling  results  (curves 
/,  //,  and  III  represent  the  concentrations  of  Xu  X2,  and  X3 
cells,  respectively)  and  experimental  data  [29]  on  blood  eryth¬ 
rocyte  dynamics  in  mice. 


Fig.  1.14.  New  stationary  concentrations  of  Xi  cells  (curve 
/),  X2  and  X3  cells  (curve  //),  and  the  total  concentration  of 
X\  and  X2  cells  (curve  IIP)  versus  the  dose  rate  of  continuous 
irradiation  in  the  model  of  erythropoiesis. 


Fig.  1.15.  Dynamics  of  erythrocyte  concentration  in  the 
blood  of  mice  during  continuous  irradiation  at  dose  rate  N  = 
3  Gy/day.  Modeling  results  (solid  line)  and  experimental  data 
(•)  [30]. 


Fig.  1.16.  Erythropoiesis  dynamics  after  acute  irradiation  at 
dose  D  =  4  Gy.  Results  of  model  calculations  (A)  without 
allowance  for  the  abortive  concentration  elevation  and  (B) 
with  allowance  for  this  elevation.  Curves  I  and  11  represent 
the  total  concentration  of  cells  from  pools  Xi  and  X2  and  the 
concentration  of  X3  cells,  respectively.  Symbols  V  and  0 
indicate  experimental  values  [20,  40]  of  erythroid  cell  con¬ 
centration  in  the  bone  marrow  and  of  erythrocyte  concentra¬ 
tion  in  the  blood  of  mice,  respectively. 
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Fig.  1.17.  Granulocytopoiesis  dynamics  during  continuous 
irradiation  at  a  dose  rate  N  =  0.1  Gy/day,  Modeling  results 
(curves  /,  II,  111,  and  TV  correspond  to  concentrations  of  Xu 
X%  X4,  and  X5  cells,  respectively)  and  experimental  data  [28] 
on  the  granulocyte  dynamics  in  mice. 


Fig.  1.18.  Stationary  concentrations  of  Xi,  and  X2,  X4,  and  X$ 
cells  (curves  /  -  TV)  of  the  granulocytopoiesis  system  versus 
the  dose  rate  N  of  continuous  irradiation  (in  Gy/day). 


Fig.  1.19.  Dynamics  of  granulocyte  concentration  in  the 
blood  of  mice  during  continuous  irradiation  at  a  dose  rate  N 
=  10  Gy/day.  Modeling  results  (solid  curve)  and  experimental 
data  (•)  [30]. 


Fig.  1.20.  Granulocytopoiesis  dynamics  after  acute  irradia¬ 
tion  at  D  =  2  Gy.  Experimental  concentrations  of  cells  of  the 
(A)  granulocytic  line  in  the  bone  marrow  and  (B)  neutrophils 
in  the  blood  of  rats  [40,  48],  as  well  as  the  results  of  model 
calculations  without  allowance  for  the  abortive  elevation  of 
concentration  (curves  I  and  11)  and  with  allowance  for  eleva¬ 
tion  (curves  III  and  /V).  Curves  V  and  VI  correspond  to  the 
case  when  acute  irradiation  is  preceded  by  continuous  irra¬ 
diation  with  a  dose  rate  A  =  0.18  Gy/day. 
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CHAPTER  2 


Mathematical  Model  of  the 
Small  Intestine  Epithelium 
System 


2.1.  Introduction 


As  far  as  we  know,  there  are  only  a  few  published  works  concerned  with 
modeling  the  dynamics  of  the  small  intestine  epithelium  system  in  nonirradi- 
ated  mammals  [1-3]  and  in  mammals  exposed  to  acute  radiation  doses  [4-9], 
Our  purpose  was  to  construct  models  based  on  current  concepts  that  would 
illustrate  the  principal  mechanisms  of  the  system  in  the  absence  of  radiation 
and  under  acute/continuous  irradiation.  It  was  important  that  the  models  in¬ 
clude  explicitly  the  characteristics  of  ionizing  radiation  and  the  basic  dynamic 
and  radiobiological  parameters  of  the  system  studied.  We  wanted  the  models 
to  reproduce  the  principal  dynamic  conditions  of  functioning  of  the  intestinal 
epithelium  in  nonirradiated  mammals  and  to  describe  quantitatively  the  kinet¬ 
ics  of  concentration  of  villus  cells  and  their  precursors  in  the  crypt  under  con¬ 
ditions  of  acute  and  continuous  irradiation.  The  results  are  described  below. 


2.2.  Model  of  Dynamics  of  the  Small  Intestine 
Epithelium  System  in  Nonirradiated  Mammals 

The  model  is  based  on  modern  concepts  of  the  structure  and  functioning  of  the 
small  intestine  epithelium  system  [10,  11].  A  schematic  representation  of 
renewal  of  the  small  intestine  epithelium  is  given  in  figure  2.1*. 

First,  we  built  a  basic  model  of  the  dynamics  of  the  intestinal  epithelium  in 
nonirradiated  mammals.  The  object  of  modeling  is  a  population  of  basic 
(cylindrical)  cells  of  the  crypt- villus  system. 


*Figures  begin  on  page  50. 


41 


Chapter  2 


We  divided  the  major  cell  types  of  the  intestinal  epithelium  into  three  groups 
according  to  degree  of  maturity  and  differentiation: 

•  Group  X,  proliferating  precursor  cells,  from  the  stem  cell  to  the  dividing 
maturing  crypt  cell, 

•  Group  Y,  nondividing  maturing  crypt  cells,  and 

•  Group  Z,  functional  villus  cells. 


The  concentrations  of  cells  x,  y,  z  and  the  concentration  of  the  specific  chalone 
I  are  used  as  variables  of  the  model.  The  dynamics  of  the  crypt-villus  system 
can  be  described  by  the  system  of  nonlinear  differential  equations  similar  to 
system  1. 1-1.4  used  in  the  hematopoiesis  model  (chapter  1): 


dx 

dt 


Bx  -  yx. 


dt 


yx  -  Fy, 


^  =  G  (1  +  Biy  +  92z)  -  HI. 

at 


(2.1) 

(2.2) 

(2.3) 

(2.4) 


In  system  2. 1  -2.3 ,  the  coefficients  ^,y,F,  and  E  are  the  specific  rates  of  X  cell 
division,  cell  passage  from  group  X  to  group  Y,  cell  displacement  from  crypt 
to  villus,  and  cell  exfoliation  from  the  villus  into  the  intestinal  lumen,  respec¬ 
tively.  In  2.4,  the  multipliers  G,  GQi,  and  G02  determine  the  specific  rates  of 
chalone  production  by  X,  Y,  and  Z  cells  during  their  vital  activity  and  death, 
and  H  is  the  rate  of  natural  chalone  decomposition. 

The  model  takes  account  of  the  functioning  peculiarities  of  the  intestinal 
epithelium  system  relating  to  the  motion  of  cells  over  the  crypt  and  villus  in 
the  course  of  their  division  and  maturation.  It  has  been  found  that  the  specific 
rates  of  cell  displacement  from  crypt  to  villus,  F,  and  from  villus  to  intestinal 
lumen,  E,  increase  as  the  mitotic  activity  of  X  cells  increases,  i.e.,  as  B 
increases  [12].  The  exact  form  of  these  relationships  has  not  been  determined 
experimentally.  As  a  first  approximation  we  assume  them  to  be  linear: 

F  =  6(1  +  L\B),  F  =  \l/(l  +  LtP).  (2.5) 

Here,  5  and  \|/  are  the  specific  rates  of  cell  displacement  from  crypt  to  villus 
and  from  villus  to  intestinal  lumen,  respectively,  when  mitosis  of  the  crypt 
cells  is  suppressed  (F  =  0);  Li  and  L2  are  constants. 
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The  relationship  between  the  specific  rate  of  reproduction  of  X  cells,  B,  and 
the  concentration  of  the  specific  inhibitor  I  is  given,  as  in  chapter  1,  by  the 
lerusalimskii  equation  [13]: 


fi  =  a(l  +  I/K)-K  (2.6) 

where  a  is  the  maximum  specific  rate  of  cell  division  and  is  a  constant. 

In  view  of  the  fact  that  the  chalones  keep  their  activity  for  a  few  hours  [11] 
whereas  the  intestinal  epithelial  cells  live,  differentiate,  and  maturate  over  tens 
of  hours  [10],  equation  2.4  can  be  considered  "rapid"  when  compared  to 
equations  2. 1  -2.3.  Then,  according  to  the  Tikhonov  theorem  [13],  equation  2.4 
can  be  replaced  by  its  stationary  solution  I  =  (G/H)  (jc  +  9iy  +  62z),  by  virtue 
of  which  equation  2.6  acquires  the  form 

fi  =  a[l  p(x  -f  0iy  +  02z)rl,  p  =  G/(HK).  (2.7) 

The  model  of  the  crypt-villus  system  in  its  final  version  includes  three 
nonlinear  differential  equations  that  are  fully  specified  by  eight  independent 
parameters,  a,  y,  5,  \|r,  L\,  Li,  0i,  and  02.  Six  of  them  are  found  from 
experimental  data.  The  last  two  parameters,  0i  and  02,  remain  unknown.  Their 
values  can  be  obtained  by  fitting  the  model  to  the  experimental  data  on  the 
dynamics  of  the  crypt- villus  system  when  this  system’s  stationary  state  is  upset 
by  some  external  factor.  A  schematic  diagram  of  the  model  of  the  crypt- villus 
system  is  given  in  figure  2.2. 

System  2. 1-2.3  has  two  singular  points.  The  first  singular  point  is  trivial.  The 
coordinates  of  the  second  point  are 

i  =  [(o/y)  -  l]p-l  X 

(n-0iy/[6(l+Liy)]  +  02y/[x|/(l+L2y)]r\  (2.8) 

y  =  xy/[8(l  +  Liy)],  z  =  ^/[xk(1  +  Liy)]- 

Relations  2.8  imply  that  the  second  singular  point  is  in  the  positive  octant  (jc 
>  0,  y  >  0,  z  >  0)  if  a  >  y.  Then  x,  y,  and  z  can  be  regarded  as  crypt-villus  cell 
concentrations  in  the  normal  state.  The  trivial  singular  point  is  unstable 
(saddle)  if  a  >  y  and  stable  (node)  if  cc  <  y.  The  second  singular  point  can  also 
be  both  stable  (focus)  and  unstable  (saddle-focus).  The  corresponding  ranges 
of  parameter  variation  are  determined  in  the  course  of  numerically  solving  the 
characteristic  equation.  Analysis  of  these  results  have  shown  that  the  second 
singular  point  loses  stability  if  the  X  cell  reproduction  is  predominantly 
controlled  by  the  inhibitor  produced  by  Z  cells  and  if  the  cells  stay  in  the  Y 
group  for  a  sufficiently  long  time.  In  the  case  when  the  first  and  second  points 
are  unstable,  there  is  one  more  particular  solution:  stable  oscillations  of  the  x, 
y,  z  variables  (limit  cycle).  Stable  oscillations  of  the  dimensionless  concentra- 
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tion  of  villus  cells  {z  =  zfz)  and  that  of  crypt  cells  ((;i:  +  y)l{x  +  y))  are  shown 
in  figure  2.3.  The  oscillation  period  is  10.6  days.  The  values  fluctuate  at  levels 
higher  than  normal.  Note  that  the  parameters  0i  and  02  were  chosen  to  be  0.01 
and  10,  respectively.  The  values  of  the  other  coefficients  are  given  in  section 
2.3. 

When  the  second  singular  point  is  a  stable  focus,  the  dynamics  of  intestinal 
epithelium  recovery  has  the  form  of  damped  oscillations  of  crypt  and  villus 
cell  concentrations.  On  completion  of  this  transition  process,  concentrations 
of  all  cells  return  to  initial  levels. 

The  model  developed  reproduces  all  the  basic  dynamic  regimes  of  the  crypt- 
villus  system  in  nonirradiated  mammals  and  can  be  used  when  modeling  the 
effects  of  ionizing  radiation  on  the  small  intestine  epithelium  system. 


2.3.  Model  of  Intestinal  Epithelium  Dynamics 
Under  Continuous  Irradiation 


Experimental  studies  have  shown  that  X  cells  of  the  crypt  capable  of  division 
and  maturation  are  radiosensitive  to  some  extent,  while  nondividing  Y  cells  of 
the  crypt  and  functional  Z  cells  of  the  villus  are  radioresistant  [10].  The 
radiosensitive  X  cells  are  divided  into  two  groups  according  to  their  response 
to  radiation.  One  group  includes  undamaged  X  cells,  and  the  other  includes 
damaged  Xd  cells.  The  concentration  of  the  latter  cells  is  denoted  by  xd-  In  this 
particular  model  there  is  no  distinction  between  damaged  and  heavily  damaged 
cells,  as  in  the  hematopoiesis  models  (section  1.2),  because  the  effect  on 
radiosensitive  cells  of  the  crypt  in  the  two  cases  is  similar:  practically  all  cells 
damaged  by  radiation  undergo  so-called  interphase  death  [10]. 

We  introduce  the  dimensionless  variables  X  =  x/x,  y  =  y/y,  z  =  zfz,  xd  =  xd/x 
and  the  dimensionless  parameters  li=yLi  and  fc  =  yLi.  Then,  according  to  the 
one-target-one-hit  theory  of  cell  radiation  injury  [14],  the  dynamics  of  dimen¬ 
sionless  concentrations  of  crypt-villus  cells  in  mammals  exposed  to  continu¬ 
ous  radiation  at  dose  rate  N  can  be  described  by  the  equations 


^  _ 
dt 

VKB"  -  1)  - 

(2.9) 

II 

6[(1  +  h)x  -  {1  +  hB")% 

(2.10) 

II 

(i+hB")y  -  (1  +  l2B")A 

1  H”  /l  I 

(2.11) 
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dxd 

dt 


v^d. 


(2.12) 


In  equations  2.9  and  2.12,  the  term  {NID{)x  is  the  rate  of  X  cell  transition  into 
the  damaged  state  Xd,  and  vxd  in  equation  2.12  is  the  death  rate  of  damaged 
Xd  cells.  The  coefficient  Di,  having  the  dimensionality  of  radiation  dose, 
characterizes  the  radiosensitivity  of  X  cells  and  is  equivalent  to  the  conven¬ 
tionally  measured  quantity  Dq. 


In  modifying  equation  2.7,  which  describes  the  rate  fi  of  X  cell  reproduction, 
we  allow  for  the  contribution  of  radiation  damage-induced  death  of  Xd  cells 
to  the  chalone  production.  Then  the  dimensionless  specific  rate  of  X  cell 
reproduction  is 

fi"rzB/Y=a/|l  +  ^[x-FOld  +  0iy /(g(l  +/l))  +  02z/(c(l  -t-/2))] }.  (2.13) 

Here,  a  =  aJy,  g  =  b/y,  c  =  t|t/y,  b  =  px  =  (a  -  1)  /  { 1  -r  0i[g(l  +  /i)]-l  -i-  02[c(l 
+  /2)]’M  dimensionless  parameters.  The  initial  conditions  for  solving 
system  2.9-2.12  are  the  preirradiation  concentrations  of  X,  Y,  Z,  and  Xd  cells: 


x(0)  =  1,  y(0)  =  1,  z{0)  =  1,  xd(0)  =  0.  (2.14) 

It  should  be  noted  that  the  use  of  the  concentration  of  undamaged  cells  as  a 
variable  in  the  model  of  the  small  intestine  epithelium  system  and  also  the 
allowance  for  the  contribution  of  these  cells  to  regulatory  processes  (equation 
2.13)  constitute  a  novel  approach  to  modeling  the  dynamics  of  this  system 
during  irradiation.  It  seems  important  to  stress  that  when  implementing  this 
approach  and  modifying  model  2. 1-2.3  in  order  to  describe  the  effects  of 
continuous  radiation  on  the  dynamics  of  the  crypt-villus  system,  apart  from 
the  variable  parameter  N,  we  introduced  only  three  new  independent  coeffi¬ 
cients,  Di,  V,  and  O.  The  parameter  Di  specifies  the  radiosensitivity  of  X  cells; 
the  coefficient  v  gives  the  specific  death  rate  of  damaged  Xd  cells;  and  the 
dimensionless  multiplier  O  expresses  the  dissimilar  contributions  of  undam¬ 
aged  X  and  damaged  Xd  cells  to  chalone  production.  D\  and  v  are  convention¬ 
ally  measured  radiobiological  parameters.  The  total  number  of  independent 
coefficients  in  system  2.9-2. 12  is  10,  and  most  of  them,  as  will  be  shown  below, 
can  be  directly  determined  from  experimental  data. 

Model  2.9-2.12  was  used  to  simulate  experiments  with  chronic  irradiation  of 
mice  and  rats.  The  initial  parameters  were  determined  from  the  data  obtained 
in  experimental  studies  of  the  small  intestine  epithelium  of  these  mammals  in 
the  absence  of  radiation  and  under  acute  irradiation.  For  example,  in  experi¬ 
ments  on  estimating  mitotic  activity,  the  mitotic  index  M  was  measured  [15]. 
Mitotic  index  M  is  related  to  the  specific  rate  B  by  the  formula 


(2.15) 
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In  equation  2.15,  the  parameter  T  is  the  true  time  of  mitosis.  Bearing  in  mind 
that  in  nonirradiated  mice  the  mitotic  index  of  dividing  cells  of  the  crypt  is 
5.3%  and  T=  0.8  hour  [16],  from  equation  2.15  we  derive  the  value  of  specific 
division  rate  for  X  cells:  fi  =  1.6  dayf  It  follows  from  equation  2.1  that  the 
normal  specific  rates  of  cell  passage  from  pool  X  to  pool  Y  and  of  X  cell  division 
are  equal,  hence  y  =  B  =  1 .6  dayf 

As  shown  by  analysis  of  experimental  data  [12],  when  the  mitotic  activity  is 
suppressed  (B  =  0),  the  specific  rates  of  cell  migration  from  crypt  to  villus  and 
of  villus  cell  exfoliation  are  F  =  0.8  day^  and  E  =  0.28  day^,  whereas  under 
normal  condition  (B  =  y),  these  quantities  are  F -  2.4  day’  and  B  =  0.86  day’. 
It  follows  from  equation  2.5  that  when  B  =  0  we  have  F  =  5,  B  =  \|/,  and  when 
B  =  y,  then  B = 8  (1  +  /i)  and  B  =  vi;  (1  +  h).  Hence  it  follows  that  5  =  0.8  day’, 
/l  =  2,  v  =  0.28  day’,  and  h  =  2.  Three  more  coefficients  were  determined 
from  experimental  data:  cc  =  5.6  day’,  D\  =  1.12  Gy,  v  =  2  day’  [10, 12, 17]. 
The  parameters  0i,  02,  and  <I>,  which  could  not  be  measured  experimentally, 
were  chosen  in  the  course  of  the  numerical  study  of  system  2.9-2.12  to  be  0i 
=  0.1, 02  =  1,  and  O  =  20. 

The  dynamics  of  the  crypt- villus  system  was  studied  within  model  2.9-2.12  at 
various  dose  rates  N  of  chronic  irradiation.  Calculations  have  shown  that  at 
low  7/ the  intestinal  epithelium  remains  practically  intact.  For  instance,  at  7/  = 
0.001  -s-  0.1  Gy/day  the  loss  of  crypt-villus  cells  is  less  than  0.05  5%  of  the 

normal  level.  At  higher  radiation  dose  rates,  Af  =  0.1  -s- 10  Gy/day,  the  pattern 
of  injury  of  the  crypt-villus  system  has  two  stages:  the  first  stage  is  an 
oscillatory  transition  process;  the  second  stage  is  a  new  stationary  state  of  the 
crypt- villus  system. 

The  dynamics  of  the  mitotic  index  M  of  X  cells,  calculated  by  formulas  2.13 
and  2.15,  and  also  the  overall  concentration  of  crypt  cells  (X  and  f)  and  villus 
cells  (Z)  at  A/ =  0.84  Gy/day  and  N  =  1.76  Gy/day  are  presented  in  figures  2.4 
and  2.5.  The  figures  also  show  the  corresponding  experimental  concentrations 
of  villus  cells  in  rats  [18].  One  can  see  that  within  the  first  3  days  after  the 
onset  of  irradiation  the  crypt  cell  concentration  decreases.  The  reduction  of 
villus  cell  concentration  starts  1  day  after  the  beginning  of  irradiation  and  ends 
within  5  days.  Thereafter,  concentrations  of  crypt  and  villus  cells  increase 
somewhat  but  do  not  reach  the  normal  level.  A  new  though  less  pronounced 
reduction  of  these  concentrations  then  occurs,  and  the  transition  process  is 
actually  completed.  The  concentrations  of  crypt  and  villus  cells  take  on  new 
stationary  values,  which  decrease  (compared  to  the  normal  level)  as  dose  rate 
AT  increases.  These  results  are  consistent  with  the  experimental  values  [18]. 
For  example,  after  20  days  of  continuous  irradiation  at  A/  =  0.84  Gy/day  and 
N=  1.76  Gy/day,  the  new  stationary  levels  of  villus  cell  concentration  in  rats 
were  0.83  ±  0.15  and  0.67  ±  0.2,  respectively.  The  corresponding  calculated 
values  are  0.75  and  0.56.  The  steady  reduction  of  the  number  of  crypt  cells 
under  continuous  irradiation  is  also  reproduced  rather  well  by  the  model.  For 
example,  at  A/  =  4  Gy/day  the  new  stationary  levels  of  crypt  cell  concentrations 
in  irradiated  rats  [19]  and  in  the  model  are  0.37  ±  0.16  and  0.34,  respectively. 
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Thus,  the  model  provides  a  theoretical  description  of  the  ability  of  the  intestinal 
epithelium  to  adapt  itself  to  protracted  radiation  exposure,  which  has  been 
observed  in  experiments  by  several  authors  [18, 19]. 

The  state  of  stable  dynamic  equilibrium  (homeostasis)  maintained  by  the 
crypt- villus  system  under  conditions  of  chronic  irradiation  is  accompanied  by 
an  enhanced  (compared  to  normal)  mitotic  activity  of  the  dividing  crypt  cells. 
Figures  2.4A  and  2.5A  show  that  within  1  day  after  the  onset  of  irradiation  the 
mitotic  index  M  of  X  cells  decreases.  The  decrease  is  greater  as  dose  rate  N 
increases.  Then  M  increases  and  reaches  a  maximum.  Later,  the  mitotic  index 
M  decreases,  and  the  transition  process  is  practically  over.  As  a  result,  the 
mitotic  index  assumes  a  new  stationary  value,  which  exceeds  the  normal  value. 
This  stationary  value  is  higher  with  higher  dose  rate  N.  These  results  show 
qualitative  agreement  with  experiments  [20]. 

As  the  dose  rate  of  chronic  irradiation  increases  from  =  10  Gy/day  to  A  = 
Nc  =  44. 8  Gy/day  and  higher,  the  shapes  of  the  kinetic  curves  undergo  a  change. 
There  is  a  rapid  reduction  of  cell  concentration,  first  in  the  crypt  and  then  in 
the  villus,  to  lethal  levels  at  A  <  Nc  and  to  100%  lethality  at  A  >  Nq.  This  can 
be  regarded  as  model  simulation  of  the  intestinal  form  of  radiation-induced 
injury  at  high  dose  rate  levels  of  chronic  irradiation.  Note  that  the  critical  dose 
rate  Nc  in  the  intestinal  epithelium  model  is  defined  by  the  same  formula  (1.27) 
as  in  the  models  of  all  hematopoietic  lines.  The  critical  dose  rate  Nc  is  equal 
to  the  product  of  the  parameter  D\  (characterizing  the  radiosensitivity  of 
precursor  cells  for  functioning  cells  of  these  systems)  and  the  difference 
between  the  maximum  possible  and  the  normal  division  rate  of  precursor  cells. 
This  means  that  the  level  of  radiosensitivity  and  the  proliferative  potential  of 
dividing  cells  of  the  intestinal  epithelium  and  of  the  above-mentioned  he¬ 
matopoietic  systems  alone  determine  the  dose  rate  of  continuous  irradiation 
that  is  critical  for  their  vital  activity.  It  should  be  noted  that  formula  1.27  can 
be  used  to  obtain  an  approximate  cautious  estimate  of  life-threatening  dose 
rates  of  continuous  irradiation,  since  lethal  dose  rates  are  associated  with  low 
but  not  necessarily  zero  concentrations  of  functioning  cells  of  the  vital  organs. 

During  the  preliminary  computer  study  of  model  2.9-2.12  it  has  been  found 
that  the  minimal  concentrations  of  X,  Y,  and  Z  cells  are  mainly  determined  by 
the  parameter  Di  characterizing  the  radiosensitivity  of  X  cells.  The  parameter 
D\  and  the  coefficients  /i,  fo,  01, 02,  and  O  affect  the  levels  of  new  stationary 
concentrations  of  X,  T,  and  Z  cells.  Obviously,  these  quantities  also  depend  on 
the  variable  parameter  N — the  dose  rate  of  continuous  irradiation. 
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2.4.  Model  of  Intestinal  Epithelium  Dynamics 
Under  Acute  Irradiation 


We  use  equations  2.9-2.12  as  an  initial  model  to  simulate  the  effect  of  acute 
irradiation  on  the  crypt-villus  system.  We  can  simplify  the  model  because  the 
characteristic  times  in  equations  2.9-2.12  substantially  exceed  the  duration  of 
radiation  exposure  T.  The  duration  of  acute  radiation  exposure  is  not  sufficient 
for  radioresistant  Y  and  Z  cells  to  change  in  number,  therefore 

yiX)  =  1,  z(7)  =  1.  (2.16) 

The  concentrations  of  undamaged  X  and  damaged  Xd  cells,  x(X)  ^nd  Jfd(T)> 
respectively,  are  determined  by  solving  the  rapid  equations 

^  _  E.~  ^  =  IL~ 

dt  ~  D\  dt  Di  ^  (2.17) 

with  the  initial  conditions  3c(0)  =  1  and  xd{0)  =  0.  With  N  =  constant,  system 
2.17  can  be  easily  integrated; 

x(T)  =  Qxpi-DIDi),  xd(T)  =  1  -expi-D/Di),  (2.18) 

wher  eD  =  NTis  the  total  dose  of  acute  ir  r  adiation .  In  view  of  the  small  value 
of  r,thedynamicsofpostirr  adiation  injuryand  recovery  of  thecrypt-villus 
system  can  be  described  by  equations  2.9-2.12  with  N  =  0  and  the  initial 
conditionsbyequations2.16and2.18. 

Thecalculated  dynamics  of  themitotic  indexM  of  X cells,  the  dimensionless 
total  concentration  of  crypt  cells  (X,  Xd,  and  Y),  and  the  dimensionless 
concentration  of  villus  cells  (Z)  for  a  high  dose  of  acute  irradiation,  D  =  30 
Gy,  are  shown  in  figure  2.6.  Also  given  in  the  figure  are  corresponding 
experimental  data  [21  Jon  radiation-induced  changes  ofcrypt  and  villus  cell 
concentrations  in  miceoftheCFW  strain.  Themodelr  eproduces  theexperi- 
mentally  observed  rapid  depletion  of  the  crypt  cellular  pool.  As  early  as  the 
second  day  after  irradiation,  the  number  of  crypt  cells  is  less  than  20%  of  the 
normal  cell  number.  On  the  first  day,  the  reduction  of  cell  concentration  in  the 
villus  proceeds  more  slowly  than  in  the  crypt,  but  already  by  the  second  day, 
the  number  of  cells  is  reduced  almost  by  half  and  continues  to  drop  rapidly  to 
a  level  incompatible  with  life.  This  level  is  usually  reached  on  the  third  day 
after  irradiation,  and  all  mice  die  [21].  The  use  of  the  statistical 
demonstrated  quantitative  agreement  between  the  modeling  results  and  the 
experimental  data  given  in  figure  2.6B  (the  calculated  values  of  =  0.844 
and  x^  =  1.839  did  not  exceed  the  critical  value  of  Xo,o5  =  5,991  (number  of 
degrees  of  freedom  n  =  2). 
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The  dynamics  of  the  crypt- villus  system  at  lower  radiation  doses  was  also 
calculated,  in  particular  D  =  1  Gy  (fig.  2.7).  Figure  2.7  also  shows  correspond¬ 
ing  experimental  data  obtained  in  a  study  of  the  intestinal  epithelium  in  white 
mice  [20,  21],  The  model  reflects  the  radiation-induced  decrease  in  cell 
numbers  in  the  crypt  and  villus — the  decrease  is  greater  as  dose  D  increases. 
The  depletion  stage  is  followed  by  the  repair  stage  when  the  number  of  cells 
start  growing  first  in  the  crypt  and  then  in  the  villus.  Intestinal  epithelium 
regeneration  in  mice  irradiated  at  doses  lower  than  10  Gy  and  surviving  the 
first  three  days  was  also  observed  in  experiments  [20,  21], 

The  calculated  dynamics  of  mitotic  index  M  for  X  cells  after  acute  irradiation 
at  above-indicated  doses  is  presented  in  figure  2.7A.  The  mitotic  activity 
decreases  within  the  first  few  hours.  Thereafter  the  mitotic  index  starts 
increasing  and  returns  to  normal.  The  mitotic  activity  of  the  cells  continues  to 
grow  to  a  certain  maximum  value.  As  shown  by  the  calculations,  the  dynamics 
of  the  mitotic  index  has  the  form  of  damped  oscillations  later  and  finally 
returns  to  the  initial  level.  The  calculated  dynamics  of  the  mitotic  index  M  of 
X  cells  qualitatively  corresponds  to  the  experimentally  observed  changes  of 
the  mitotic  index  of  crypt  cells  in  mice  [17]  and  rats  [10]  after  irradiation  at 
doses  of  6-10  Gy.  It  should  be  noted  that  this  is  the  first  time  that  the  pattern 
of  changes  of  the  mitotic  activity  of  crypt  cells  in  the  course  of  postirradiation 
injury  and  regeneration  of  the  intestinal  epithelium  is  reproduced  by  a  dynamic 
model  at  the  qualitative  level. 

When  varying  the  parameters  of  the  model  it  was  found  that  the  principal 
characteristics  of  radiation  injury  of  the  intestinal  epithelium  system — mini¬ 
mal  concentrations  of  X,  Y,  and  Z  cells — are  mainly  determined  by  the 
parameter  Di,  which  provides  the  radiosensitivity  of  X  cells,  and  by  the 
radiation  dose  D. 


2.5.  Conclusion 


The  models  thus  reproduce  a  broad  range  of  experimentally  observed  proc¬ 
esses  specific  to  the  dynamics  of  the  small  intestine  epithelium  in  nonirradiated 
and  irradiated  mammals.  This  proves  the  fact  that  the  models  properly  incor¬ 
porate  the  main  cause-effect  relationships  governing  the  functioning  of  the 
crypt- villus  system  in  the  presence  and  the  absence  of  ionizing  radiation.  As 
in  the  modeling  of  hematopoiesis,  we  performed  a  bifurcation  analysis  of  the 
base  system  of  equations  to  reveal  the  specific  features  of  its  behavior.  Also 
found  were  the  values  of  the  constant  coefficients,  which  allowed  a  quantita¬ 
tive  comparison  of  the  modeling  results  and  experimental  data.  The  agreement 
obtained  makes  it  feasible  to  use  the  models  to  simulate  and  predict  the 
behavior  of  the  intestinal  epithelium  in  mammals  exposed  to  acute  or  chronic 
radiation  in  broad  ranges  of  doses  and  dose  rates. 
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Fig.  2.1.  Schematic  diagram  of  the  renewal  of  the  small 
intestine  epithelium  system. 


Fig.  2.2.  Block  diagram  of  the  crypt- villus  system.  Rectan¬ 
gles,  cell  compartments;  trapezium,  unit  of  control  signal 
formation;  solid  lines  with  arrows,  cell  flows;  dashed  lines 
with  arrows,  information  flows. 


Fig.  2.3.  Cyclic  kinetics  of  the  crypt-villus  system  in  nonir- 
radiated  mammals. 


Fig.  2.4.  Dynamics  of  the  crypt- villus  system  under  chronic 
irradiation  at  a  dose  rate  of  0.84  Gy /day.  Symbols  t,  a,  and 
•  at  the  initial  (r  =  0)  and  final  (r  =  12  days)  points  mark  the 
curves  representing  calculated  values  of  (A)  the  mitotic  index 
of  X  cells  and  (B)  the  total  concentration  of  crypt  cells  (X  and 
Y)  and  the  concentration  of  villus  cells  (Z).  The  symbol  •  also 
represents  experimental  values  of  villus  cell  concentration  in 
rats  at  various  periods  of  time  after  irradiation  [16]. 


Fig.  2.5.  Dynamics  of  the  crypt- villus  system  under  chronic 
irradiation  at  a  dose  rate  of  1.76  Gy/day.  Symbols  t,  a,  and  • 
at  the  initial  (t  =  0)  and  final  (i  =  12  days)  points  mark  the 
curves  representing  calculated  values  of  (A)  the  mitotic  index 
of  X  cells  and  (B)  the  total  concentration  of  crypt  cells  (X  and 
Y)  and  the  concentration  of  villus  cells  (Z).  The  symbol  •  also 
represents  experimental  values  of  villus  cell  concentration  in 
rats  at  various  periods  of  time  after  irradiation  [16]. 
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Fig.  2.6.  Dynamics  of  the  crypt-villus  system  after  acute 
irradiation  at  a  dose  of  30  Gy.  Symbols  t,  a,  and  •  at  the 
initial  (/  =  0)  and  final  (f  =  3  days)  points  mark  the  curves 
representing  calculated  values  of  (A)  the  mitotic  index  of  X 
cells  and  (B)  the  total  concentration  of  crypt  cells  (X  and  Y) 
and  the  concentration  of  villus  cells  (Z).  The  symbols  a  and 
•  also  represent  the  mean  cell  concentrations  for  crypt  and 
villus  of  mice  in  experiments  [19].  Vertical  bars  represent  the 
mean  square  deviations  from  these  values. 


Fig.  2.7.  Dynamics  of  the  crypt-villus  system  after  acute 
irradiation  at  a  dose  of  7  Gy.  Symbols  t,  a,  and  •  at  the  initial 
{t  =  0)  and  final  (r  =  4  days)  points  mark  the  curves  repre¬ 
senting  calculated  values  of  (A)  the  mitotic  index  of  X  cells 
and  (B)  the  total  concentration  of  crypt  cells  {X  and  Y)  and 
the  concentration  of  villus  cells  (Z).  The  symbols  A  and  •  also 
represent  mean  cell  concentrations  for  crypt  and  villus  in 
experimental  mice  [19].  Modeling  results  and  experimental 
data  [20,  21]. 
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Abstract 


Mathematical  models  were  developed  to  describe  radiation-induced  mortality  dynam¬ 
ics  for  homogeneous  and  nonhomogeneous  (in  radiosensitivity)  mammalian  popula¬ 
tions.  These  models  relate  statistical  biometric  functions  with  statistical  and  dynamic 
characteristics  of  critical  systems  in  specimens  belonging  to  these  populations.  The 
model  of  mortality  for  the  nonhomogeneous  population  involves  normal  and  log-nor¬ 
mal  distributions  of  its  specimens  with  respect  to  the  index  of  radiosensitivity  for  cells 
of  the  critical  system.  When  the  small  intestine  is  the  critical  system,  the  mortality 
model  for  the  homogeneous  population  quantitatively  reproduces  the  mortality  rate  of 
laboratory  mice  after  exposure  to  very  high  doses  of  pulsed  or  continuous  radiation. 
This  model  also  quantitatively  describes  the  mortality  of  the  same  animals  chronically 
irradiated  at  low  dose  rates  when  the  hematopoietic  system  (specifically,  thrombocy- 
topoiesis)  is  the  critical  one.  The  mortality  model  for  the  nonhomogeneous  population 
exposed  to  the  same  irradiation  conditions  predicts  a  higher  mortality  rate  and  a  lower 
survival  than  could  have  been  predicted  from  the  averaged  values  of  the  radiosensitivity 
index  of  critical  system  cells.  The  level  of  doses  and  dose  rates  of  acute  and  chronic 
exposures  presenting  a  hazard  to  nonhomogeneous  mammalian  populations  decreases 
as  the  variance  of  the  corresponding  distributions  increases.  These  modeling  results 
provide  a  clue  to  understanding  the  experimental  information  collected  in  the  area  of 
the  Chernobyl  catastrophe. 
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Mathematical  Model  of 
Mortality  for  a  Homogeneous 
Mammalian  Population 


3.1.  Introduction 


A  new  approach  is  presented  to  model  mortality  of  mammals  exposed  to  acute 
and  chronic  radiation  in  a  broad  range  of  doses  and  dose  rates.  The  mortality 
of  a  population  is  the  ultimate  result  of  exposing  a  population  to  particular 
conditions  of  radiation.  Our  concept  of  population  mortality  is  essentially 
different  than  that  used  in  "black  box"  models  [1-3]. 

The  principal  cause  of  death  of  an  exposed  organism  is  failure  of  one  of  its 
vital  systems,  which  manifests  itself  in  the  disruption  of  cellular  kinetics  and 
a  decrease  in  the  number  of  functional  cells  of  the  particular  system  below  the 
level  required  for  survival.  For  each  of  the  studied  dose  and  dose  rate  intervals 
there  seems  to  be  a  specific  critical  system,  and  its  damage  determines  the 
mechanism  of  development  of  radiation  sickness  and  ultimately  the  death  of 
mammals  [4, 5, 6],  For  example,  exposure  to  a  sublethal  dose,  D  =  2-7  Gy,  has 
the  greatest  effect  on  the  bone-marrow  hematopoietic  system.  Death  occurs 
within  14  to  20  days  after  irradiation  [4]. 

With  a  lethal  dose  of  D  =  10-200  Gy,  the  first  system  to  be  injured  is  the 
epithelium  of  the  small  intestine,  which  leads  to  loss  of  liquid  (water)  by  the 
organism,  blood  thickening,  and  collapse.  Death  occurs  within  3-5  days  after 
irradiation  when  the  effects  of  damage  to  blood-forming  and  other  systems 
have  not  yet  had  time  to  develop  [4,  6]. 

Very  high  radiation  doses,  D  >  200  Gy,  damage  the  central  nervous  system  by 
destroying  cortical  neurons  and  dismpting  blood  flow.  Depending  on  the  dose, 
death  occurs  within  hours  or  even  minutes  after  irradiation  [4], 
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The  three  different  mechanisms  of  lethality  for  irradiated  mammals  and  their 
time  intervals  are  well  illustrated  by  the  dose  dependence  of  the  average  life 
span  of  irradiated  mice  (fig.  3.1*)  [4],  The  figure  shows  that  within  the  first 
two  dose  intervals,  the  average  life  span  of  laboratory  mice  was  15  days  and 
4  days,  respectively. 

In  addition  to  average  life  span,  three  statistical  biometric  functions  are  usually 
measured  in  radiobiological  experiments.  The  first  is  life  span  probability  v(t), 
which  represents  the  ratio  of  the  number  of  animals  that  have  survived  to  time 
t,  0(0,  to  their  initial  number  0O:  v(0  =  0(0/00.  The  second  function  is  the  life 
span  probability  density  w(0,  which  is  the  ratio  of  the  fraction  of  animals  that 
die  at  time  t  to  their  initial  number:  w(0  =  -  (dQldt)/Qo.  The  third  biometric 
function  is  the  mortality  rate  p(0,  which  is  the  ratio  of  the  fraction  of  animals 
that  die  at  time  t  to  the  number  of  animals  that  survived  to  time  t:  p(0  = 

-(dmt)/m- 

The  studies  that  are  reported  in  this  chapter  were  aimed  at  finding  an  algorithm 
that  would  adequately  describe  the  relationship  between  statistical  biometric 
functions  and  the  state  of  critical  systems  in  irradiated  mammals. 


3.2.  Model  of  Mortality  for  Acutely  and  Chronically 
Irradiated  Mammals 


At  the  first  stage,  we  have  used  the  method  proposed  by  Sacher  [7,  8]  to  find 
the  relationship  between  biometric  functions  and  the  dynamic  and  statistical 
characteristics  of  critical  systems.  Sacher  modeled  a  homogeneous  population, 
in  which  every  individual  was  characterized  by  the  same  average  values  of  all 
physiological  variables  and  their  fluctuation  parameters,  and  described  this 
population  by  a  random  variable  which  was  an  index  of  physiological  state. 
It  was  also  assumed  that  the  deviation  p  of  the  random  variable  ^  from  its  mean 
value  m  (p  =  ^  -  m)  obeys  the  stochastic  differential  equation 


d[i 

dt 


+ 


cop 


nco. 


(3.1) 


where  Ti(0  is  a  Gaussian  random  process  with  a  zero  mean  value  and  the 
spectral  density  4Q  =  4^(0  (a)'*  is  the  mean  relaxation  time  in  system  3.1;  5? 
is  the  variance  of  the  random  variable  p). 


The  distribution  function  of  the  variable  p,  P(po  I  p,  0,  is  a  solution  to  the 
Fokker-Planck  partial  differential  equation 


^  -  a>|-(pP)  + 
dt  3p  3p^ 


(3.2) 


^Figures  begin  on  page  67. 
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The  function  P(iio  I  p.,  0  in  equation  3.2  is  the  conditional  probability  that  |x 
should  be  observed  in  system  3.1  at  time  (t)  if  po  was  observed  at  r  =  0. 
Stationary  solution  to  equation  3.2  has  the  form 

/»(lt)  =  (2  7iS2r'^exp(-p2/252).  (3.3) 

It  was  assumed  further  that  the  situation,  when  the  variable  ^  characterizing  a 
specimen  reaches  or  exceeds  the  critical  value  L,  could  serve  as  a  death  analog. 
Such  specimens  then  left  the  population.  In  accordance  with  this  assumption, 
the  distribution  P(|j,)  was  modified: 

^  exp(-p2/25^)  forp<A„ 

■  (2jiS2)->/2  J  exp(-|i2/252)  dll 
-0  for|x>A,,  (3.4) 


X  =  L  -  m.  (3.5) 

By  virtue  of  equation  3.4  it  was  found  that  the  rate  at  which  individuals  leave 
the  population,  i.e.,  the  mortality  rate,  is  determined  by  the  expression 

p  =  0)  (27152)"'^^  ^  exp(-X2/2S2)/<D([/),  (3.6) 

u 

^{U)  =  (271)-1/2  j 


Here,  u  =  |LI/5  is  a  standardized  random  variable,  U  =  TJS  is  a  dimensionless 
constant,  and  0(f/)  is  the  standard  normal  distribution  [9].  When  X  >  25,  the 
mortality  rate  can  be  described  by  the  approximate  relationship 

p  =  ®  (2tcS2)''^  X  exp(-A,2/2S2).  (3.7) 

The  table  of  the  numerical  value  of  the  function  0(C/)  [9]  shows  that  the  error 
in  the  p  estimate  is  then  less  than  2.3%. 

The  physical  meaning  of  the  index  of  physiological  state  was  not  specified  by 
Sacher;  therefore,  he  used  formula  3.7  only  to  approximate  experimental  data 
[7].  In  our  model,  attempts  are  made  to  relate  mortality  to  particular  charac- 
teristics  of  the  vital  systems  of  the  organism.  We  first  take  as  ^  the  random 
variable  that  describes  the  deviation  of  the  index  of  physiological  state  from 
its  normal  level,  because  when  this  deviation  reaches  a  critical  value  the 
organism  usually  dies  [4-6].  The  quantity  describing  the  averaged  physiologi¬ 
cal  state  index  of  a  young  and  healthy  organism  is  denoted  by  zo,  and  the  same 
quantity  at  time  t  by  z{t)\  then 
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m{f)  =  zo  -  zit).  (3.8) 

We  assume  that,  under  conditions  of  natural  aging,  z{t)  decreases  linearly  with 
time: 


z{t)  =  zo  -  Kt, 


(3.9) 


and 


Kt  «  ^0  forr<tv.  (3.10) 

Here  K  =  constant,  and  tv  is  the  average  life  span.  These  assumptions  are 
justified  by  the  notion  well  known  in  biology  and  medicine  that  many  physi¬ 
ological  indices  undergo  gradual  degradation  with  age. 

By  substituting  3.8  and  3.9  into  3.5  and  3.6,  we  obtain 

P(0  =  0)  (2jt52r''"  (L  -  Kt)  exp  I  -  ^^25?“  |  ^  (3.1 1) 

U  =  (L  -  Kt)/S. 

The  dimensionless  parameter  Q  =  S/L  and  the  coefficient  k  =  kJL  with 
dimension  are  introduced.  Then 

p(0  =  ©  (1  -  kt)  expHl  -  kt)^  /2Q^]  mU),  (3.12) 


U  =  (I  -  kt)/Q. 

Relation  3.10  enables  one  to  neglect  the  linear  term  in  3.12— kt,  in  front  of 
exponent  and  in  U.  Obviously  the  quadratic  term  kh^ilQ'^)  in  the  exponent 
argument  can  also  be  neglected.  The  formula  for  p(t)  assumes  a  form 

p(t)  =  poexp(Rot),  (3.13) 


where 


PO  =  ©(27t02)-‘^2exp(-l/2e2)/O(i/0,  Ro  =  klQ^.  (3.14). 

Thus  we  have,  in  this  approximation,  Gompertz’  well-known  formula  3.13, 
which  is  often  applied  to  describing  the  mortality  rate  in  mammals  [1,2].  It  is 
a  convincing  confirmation  of  the  validity  of  our  first  step  in  specifying  the 
random  variable 

Equations  3.6, 3.8,  and  3.9  are  taken  as  the  basis  for  modeling  the  mortality  of 
irradiated  mammals.  The  fact  that  there  are  three  different  mechanisms  that 
lead  to  death  of  irradiated  animals  within  three  nonoverlapping  time  intervals 
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enables  us  to  make  a  second  step  in  specifying  the  random  variable  We  use 
as  ^  the  deviation  of  the  index  of  the  physiological  state  of  the  critical  system 
(for  particular  doses  and  dose  rates)  from  its  normal  level.  As  the  index  of  the 
physiological  state  of  a  critical  system,  we  take  the  concentration  of  its 
functional  cells.  We  denote  the  mean  concentration  of  critical  system  func¬ 
tional  cells  at  time  t  after  the  onset  of  irradiation  by  ZR(r),  and  the  mean 
concentration  of  the  same  cells  in  a  young  and  healthy  organism  by  zo-  Then, 


for  t  <  tR, 

for  t>tR,  (3.15) 

where  tR  is  the  onset  of  irradiation. 

In  accordance  with  3.15,  relation  3.8  changes  to 

[zo  -  zr(0  +  Kf  for  t  >  tR.  (3.16) 

Substituting  3.16  into  3.6,  we  obtain 

p(0  =  (0(27i)-l/2(/exp(-t/2/2)/4)((/),  (3.17) 

^  _  J  (L  -  Kt)/S  for  t  <  tR, 

I  [  L  -  (zo  -  zr(0)  -  Kt]/5  for  t  >  tR. 

Besides  the  earlier  defined  coefficients  Q  and  k,  a  dimensionless  parameter  q 
=  zo/L  and  a  dimensionless  variable  zR(r)  =  zr(0/zo  are  introduced.  Equation 
3.17  assumes  the  form 


formula  3.9  can  be  rewritten  as  follows: 


z(t)  = 


zo-Kt 
ZR(t)  -  Kt 


p(/)  =  pi/?exp[(l-/?2)/2Q2]^ 

(3.18) 

where 

R  =  R{t)  =  l-q[l-z(t)]-kt, 

(3.19) 

pi  =  po‘I>(l/0/O(i?/0, 

(3.20) 

7(A  J  ^  ^  ^ 

[Mt)  for  t>tR. 

(3.21) 

The  parameter  po  in  formula  3.20  is  defined  by  equation  3.14.  The  function 
Rit)  in  3.19  is  proportional  to  the  difference  between  the  critical  deviation  of 
the  functional  cell  concentration  from  its  normal  level  and  the  mean  value  of 
this  deviation  at  time  t.  The  function  R( f)  is  always  positive  because  of  the 
assumptions  adopted  in  deriving  formulas  3.18-3.21. 
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Note  that  when  R  >  2Q,  formula  3.20  in  model  3.18-3.21  can  be  replaced  by 
the  approximate  relation 


pi  =  CO  Qxpi-l/2Q^).  (3.22) 

The  inaccuracy  in  the  estimate  of  pi  is  less  than  2.3%,  as  seen  from  the  table 
of  numerical  values  of  the  function  0(f/)  [9]. 

Using  the  explicit  expression  3.18  for  the  mortality  rate  p(0,  the  other  two 
biometric  functions  can  be  calculated;  the  probability  density  w{t)  and  the 
probability  v(f)  of  the  life  span  [3]: 

w(t)  =  pit)  exp  \  -  [  p(T)  dx  L 

[  0  J  (3.23) 

v(/)  =  expJ  -j  p('t)c/xi. 

I  0  J  (3.24) 

These  three  modeling  biometric  functions  will  be  compared,  where  possible, 
to  experimental  data  for  various  mechanisms  of  death. 


3.3.  Intestinal  Form*  of  Mortality  of  Irradiated 
Mammals 


The  developed  model,  3.18-3.21,  3.23,  and  3.24,  was  used  for  computer 
calculations  of  mortality  probability  characteristics  for  mice  acutely  and 
chronically  irradiated  within  dose  and  dose  rate  ranges  critical  to  the  crypt- 
villus  system.  The  dynamics  of  functional  villus  cells  was  determined  within 
models  described  in  chapter  2.  The  time  interval  within  which  the  dynamics 
of  the  small  intestine  epithelium  and  mortality  were  simulated  was  12  days. 
The  duration  in  real  experiments  [10]  was  the  same. 

The  parameters  po  =  exp(-ll,7)  day^  and  k  =  0,0005  day^  in  formula  3.13 
were  calculated  by  the  least  squares  method  from  experimental  data  on  the 
mortality  rate  of  nonirradiated  mice  of  the  BCFi  and  LAFi  strains  [1].  The 
following  experimental  data  were  used  when  estimating  the  coefficients  q  and 
Q-,  irradiated  mice  die  if  the  concentration  of  functional  villus  cells  drops  to 
10%  of  the  normal  level  (zo)  [6].  Therefore,  the  critical  value  L  equals  0.9  zo; 
thus,  q=  1.1.  The  mean  square  deviation  from  the  mean  values  of  the  villus 
cell  concentration  in  nonirradiated  and  irradiated  mice  is  about  0. 175  zo  [  1 1  ] ; 
consequently,  we  have  =  0.038. 


*Many  American  scientists  use  the  term  "gastrointestinal  subsyndrome"  of  the  acute  radiation 
syndrome. 
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Figures  3.2  to  3.4  present  computer-calculated  mortality  dynamics  for  100- 
day-old  mice  after  acute  exposure  to  three  different  radiation  doses.  Figure  3.2 
shows  that  after  exposure  the  mortality  rate  p(t)  increases  to  a  maximum  level; 
the  higher  the  dose,  the  greater  the  maximum  level  becomes.  This  is  followed 
by  a  decrease  of  p(0  and  then  by  a  new  ascent.  These  model  results  are 
qualitatively  consistent  with  experimental  data  [10]. 

The  life  span  probability  density  w(f)  (fig.  3.3)  during  the  first  day  after  acute 
irradiation  does  not  practically  vary,  while  by  day  100,  w(t)  vanishes.  The 
function  ^(0  then  increases  to  a  maximum  level;  the  higher  the  dose,  the 
greater  the  maximum  level  becomes.  The  time  to  reach  the  maximum  value  is 
only  weakly  dependent  upon  the  dose.  After  reaching  its  maximum  value,  the 
function  w{t)  decreases,  and  by  the  end  of  the  fifth  day  it  returns  to  the  initial 
value.  The  subsequent  variations  of  w{t)  are  insignificant  and  cannot  be  shown 
in  the  figure.  These  calculation  results  qualitatively  agree  with  the  diagram  of 
the  function  wit)  built  from  experimental  observations  of  mice  after  an  acute 
exposure  to  doses  of  10-20  Gy  [4].  It  should  be  noted  that  the  time  parameters 
obtained  in  the  model  are  consistently  smaller  than  corresponding  experimen¬ 
tal  quantities  by  about  24  hours.  For  example,  in  the  experiments  with  the  dose 
of  14  Gy,  mice  started  dying  at  fi  =  2  days,  and  all  mice  were  dead  at  t2  =  5 
days  after  irradiation,  with  the  maximum  number  of  deaths  at  t2  =  3.5  days  [4]. 
The  calculated  values  of  ri,  t2,  and  t3  are  1.2,  4.3,  and  2.5  days,  respectively. 
This  discrepancy  seems  to  be  due  to  a  delay  between  the  final  stage  of  sickness 
(severe  impairment  of  the  small  intestine  epithelium)  and  death.  Experiments 
suggest  that  this  delay  is  a  little  less  than  24  hours  [4].  This  also  means  that 
there  is  quantitative  agreement,  between  the  model  and  experimental  data. 

Within  1 .5  days  after  radiation  exposure,  the  life  span  probability  function  v(0 
does  not  practically  deviate  from  its  initial  value  (fig.  3.4).  For  100-day-old 
mice  this  value  is  unity.  Then  the  function  v(0  goes  down  and  by  the  end  of 
the  fourth  day  arrives  at  the  stationary  level,  which  is  lower  for  greater 
radiation  doses  D.  This  means  that  in  the  first  4  days  after  irradiation  surviving 
animals  decrease  as  D  increases. 

AtD  =  9  Gy,  mortality  is  50%.  This  result  practically  coincides  with  experi¬ 
mental  data  [12],  which  indicates  that  the  dose  that  induces  death  of  50%  of 
12-week-old  mice  of  the  C5761/6  strain  within  4  days  after  exposure  (LD50/4) 
is  8.8  ±  0.13  Gy.  The  estimates  of  mean  lethal  doses  LD50/5,  and  LD50/6,  and 
LD50/7  by  other  authors  are  rather  similar:  8.5-13  Gy  [13]. 

It  should  be  noted  that  the  function  v(r)  remains  constant  as  long  as  the 
intestinal  form  of  mortality  prevails.  At  given  intervals  of  doses  D,  this  period 
is  restricted  to  5-7  days,  according  to  experimental  data  [10]. 
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Figures  3.5-3.7  show  the  calculated  dynamics  of  mice  mortality  under  chronic 
irradiation  with  three  dose  rates  N.  The  age  of  animals  at  the  onset  of  irradiation 
was  100  days.  The  mortality  rate  p(0  (fig.  3 .5)  does  not  practically  vary  during 
the  first  day  after  onset  of  irradiation.  The  function  p(0  grows,  then  decreases, 
and  increases  again,  arriving  at  higher  values  at  higher  dose  rates  N. 

The  function  of  life  span  probability  density,  w(t),  remains  at  the  initial  level 
during  the  first  2  days  after  the  onset  of  irradiation  (fig  3.6).  On  the  third  day, 
w(0  starts  to  increase  and  arrives  at  a  maximum;  the  lower  the  dose  rate,  the 
later  the  maximum  is  reached.  The  maximum  value  of  w{t)  is  greater  with 
higher  dose  rate  N.  Then  function  w(f)  decreases. 

In  its  turn,  the  function  of  the  life  span  probability,  v{t),  does  not  practically 
deviate  from  its  initial  value  for  the  last  two  days  after  the  onset  of  chronic 
irradiation  (fig.  3.7).  Furthermore,  as  77 increases,  v(0  decreases  more  rapidly 
and  attains  lower  minimum  values.  These  results  qualitatively  (in  the  time 
interval  0-7  days  quantitatively)  coincide  with  experimental  data  [10].  Here 
and  in  chapter  4,  experimental  data  [10]  are  presented  with  correction  to 
one-day  delay,  discovered  in  experiments  [4]  between  the  final  stage  of 
sickness  (severe  impairment  of  the  small  intestine  epithelium)  and  death. 
Calculated  fractions  of  specimens  surviving  after  9  and  1 1  days  exposure  to 
the  dose  rate  N=2  Gy/day  exceed  corresponding  experimental  values.  The 
discrepancy  probably  indicates  that  during  this  period  the  damaged  small 
intestine  is  already  not  the  sole  reason  for  the  animal’s  death. 

Thus,  modeling  results  agree  qualitatively  and,  in  most  cases,  also  quantita¬ 
tively  with  experimental  observations. 


3.4.  Bone  Marrow  Form*  of  Mortality 


The  model  described  above  is  also  suitable  to  simulate  the  dynamics  of 
mortality  of  mice  exposed  from  age  t  of  100  days  to  continuous  radiation  at 
dose  rates  0  <N  <  0.088  Gy/day.  The  critical  system  in  this  case  is  the 
bone-marrow  blood-forming  system — the  thrombocytopoiesis  [5].  The  dy¬ 
namics  of  platelets,  the  functional  elements  of  this  system,  was  determined 
using  the  model  developed  in  chapter  1.  The  time  interval  within  which  the 
dynamics  of  the  critical  system  and  mortality  were  simulated  was  1,000  days, 
as  in  actual  experimentation  [7]. 

The  parameters  po  =  exp(-l  1,  7)  day*  and  k  —  0.0005  day^,  as  before,  were 
calculated  by  the  least  squares  method  from  experimental  mortality  rates  for 
nonirradiated  mice  of  the  BCFi  and  LAFi  strains  [1].  The  following  experi¬ 
mental  facts  were  used  when  estimating  the  coefficients  q  and  Q.  Irradiated 


*Many  American  scientists  use  the  term  ’’hematopoietic  subsyndrome”  of  the  acute  radiation 
syndrome. 


64 


Model  of  Mortality  for  a  Homogeneous  Mammalian  Population 


mice  die  when  platelet  concentration  is  10%  of  the  normal  level  [5].  Therefore 
the  critical  value  L  equals  0.9  zo  and  ^  =  1.1.  The  mean  square  deviation  from 
the  mean  platelet  concentrations  for  irradiated  and  nonirradiated  mice  is  about 
0.2zo  [5];  consequently,  Q  =  0.05. 

The  calculations  of  thrombocytopoiesis  dynamics  have  shown  that  with  the 
chosen  values  of  the  coefficients  in  the  range  of  chronic  irradiation  dose  rates 
0  <  AT  <  0.088  Gy/day,  the  minimal  value  of  WQ  is  4.  Consequently,  the 
inequality  of  /?  >  2Q  is  valid,  and  instead  of  formula  3.20,  the  approximate 
relation  3.22  can  be  used. 

Figures  3.8-3. 10  present  the  functions  p(0,  w{f),  and  v{t),  calculated  within  the 
model  3.18,  3.19,  and  3.21-3.24,  and  corresponding,  experimental  data  [7]  on 
mortality  rate  dynamics  for  nonirradiated  and  irradiated  LAF\  mice  from  age 
/R  =  100  days  at  three  different  dose  rates.  Figure  3.8  shows  that  the  model 
adequately  reproduces  experimental  results  [7].  The  mortality  rate  for  nonir¬ 
radiated  mice  increases  with  increasing  the  age  t.  Two  phases  can  be  distin¬ 
guished  in  the  dynamics  of  the  mortality  rate  of  irradiated  mice.  During  the 
first  phase,  the  values  of  p(r)  oscillate  with  damping  near  by  a  permanently 
rising  level.  This  phase  corresponds  to  the  oscillating  transitional  process  in 
the  dynamics  of  thrombocytopoiesis  and  precedes  the  establishment  of  a  new 
homeostasis  in  the  system  under  consideration  (see  chapter  1).  During  the 
second  phase,  the  function  p(0  increases.  As  in  the  experiments  [7]  for  a  fixed 
age  t,  the  mortality  rate  during  prolonged  irradiation  exceeds  that  for  nonirra¬ 
diated  mice  by  a  quantity  that  increases  with  increasing  dose  rate  N.  In  contrast 
to  Gompertz’  widely  applied  formula  3.13,  the  model  describes  the  experi¬ 
mentally  observed  deviation  of  the  function  p(0  from  the  exponential  curve 
in  the  region  of  high  values  of  t. 

Life  span  probability  density  for  nonirradiated  mice  increases  to  a  maximum 
then  decreases  (fig.  3.9).  The  function  w(t)  describing  life  span  probability 
density  of  mice  exposed  to  chronic  radiation  has,  as  the  function  p(r),  (mor¬ 
tality  rate)  two  characteristic  regions.  From  the  onset  of  irradiation,  w{t) 
reproduces  the  oscillating  transitional  process.  After  radiation  exposure  is 
ended,  the  values  of  w{f)  are  greater  at  higher  dose  rate  N.  Further,  w{i) 
increases,  arrives  at  the  maximum  level,  and  then  decreases.  As  the  dose  rate 
increases,  the  time  it  takes  w(f)  to  reach  the  maximum  level  diminishes,  i.e., 
the  mortality  peak  occurs  earlier. 

Figure  3.10  shows  that  the  function  v{t),  which  describes  the  life  span  prob¬ 
ability  of  animals  exposed  to  chronic  radiation,  decreases  since  the  onset  of 
irradiation  and  takes  the  smaller  values  v(r)  as  dose  rate  N  increases. 

Experimental  data  are  not  presented  in  figs.  3.9  and  3.10  because  in  the 
experiments  imitated  here  [7]  only  the  biometric  function  p(r)  was  measured. 
Such  additional  experimental  data  are  not  really  required  because  the  function 
p(r)  uniquely  determines  two  other  biometric  functions,  w(t)  and  v(t)  (see 
equations  3.23  and  3.24). 
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The  model  was  used  to  calculate  the  average  shortening  of  life  span: 


5  =  [  r  wo(0  dt  -  ]  t  wR{t)  dt. 

0  0  (3.25) 

In  3.25,  w{t)  and  wR{t)  are  the  life  span  probability  densities  (3.23)  for 
nonirradiated  and  irradiated  mammals,  and  t  is  time.  For  N  of  0.013,  0.026, 
and  0.06  Gy/day  we  obtained  the  life  span  shortening  5  values  of  30,  64,  and 
166  days,  respectively,  which  are  fairly  close  to  experimental  estimates  of  34, 
67,  and  146  days  [1]. 


3.5.  Conclusion 


A  mathematical  model  of  mortality  dynamics  for  homogeneous  population  of 
mammals  exposed  to  acute  and  continuous  radiation  was  developed.  It  relates 
the  statistical  biometric  functions  (mortality  rate,  life  span  probability  density, 
and  life  span  probability)  with  the  statistical  characteristics  and  the  kinetics  of 
the  organism’s  critical  systems.  The  thrombocytopoietic  system  and  the  small 
intestine  epithelium  system  were  selected  as  critical  systems.  The  number  of 
functional  elements  in  these  systems  (platelets  and  villus  cells)  were  found  by 
solving  the  respective  mathematical  models  described  in  chapters  1  and  2. 
Modeling  results  agree  qualitatively  and  quantitatively  with  experimental  data 
on  mortality  dynamics  and  average  life  span  shortening  for  acutely  and 
chronically  irradiated  mice. 
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FIGURES 


0  10  100  1000 
dose  (Gy) 


Fig.  3.1.  Average  life  span  of  lAFi  mice  as  a  function  of  dose 
of  acute  irradiation  [4]. 


time  after  irradiation  (days) 

Fig.  3.2.  Biometric  function  p(r)  characterizing  the  mortality 
rate  of  mice  exposed  to  acute  radiation. 


time  after  irradiation  (days) 


Fig.  33.  Biometric  function  w{t)  characterizing  life  span 
probability  density  of  mice  exposed  to  acute  radiation. 


time  after  Irradiation  (days) 


Fig.  3,4.  Biometric  function  v(r)  characterizing  life  span 
probability  of  mice  exposed  to  acute  radiation. 
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Fig.  3.5.  Biometric  function  p(0  describing  the  mortality  rate 
of  chronically  irradiated  mice. 


Fig.  3.6.  Biometric  function  w{t)  describing  life  span  prob¬ 
ability  density  of  chronically  irradiated  mice. 


Fig.  3.7.  Biometric  function  v(0  describing  life  span  prob¬ 
ability  of  chronically  irradiated  mice. 


Fig.  3.8.  Biometric  function  p(0  describing  the  mortality  rate 
of  mice. 
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Fig.  3.9.  Biometric  function  w(/)  describing  life  span  prob¬ 
ability  density  of  mice. 


Fig.  3.10.  Biometric  function  v(r)  describing  life  span  prob¬ 
ability  of  mice. 
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Mathematical  Model  of  Mortality 
for  a  Nonhomogeneous 
Mammalian  Population 


4.1.  Introduction 


The  development  of  the  mathematical  model  of  mortality  dynamics  for  mam¬ 
mals  described  in  chapter  3  was  based  on  the  assumption  that  mean  values  and 
fluctuations  of  major  physiological  parameters  and  cell  radiosensitivity  of 
critical  systems  are  identical  for  all  members  of  the  population.  Mortality 
dynamics  of  laboratory  mice  irradiated  with  acute  doses  and  chronic  dose  rates 
that  affect  the  critical  systems  of  hematopoiesis  (thromboc)d;opoiesis)  and  the 
small  intestine  epithelium  are  reproduced  fairly  well  in  this  model.  However, 
new  evidence  indicating  that  there  are  human  subpopulations  hypersensitive 
to  radiation  [1,  2]  calls  for  model  investigations  of  mortality  dynamics  for  a 
nonhomogeneous  population.  This  chapter  describes  the  extension  and  modi¬ 
fication  of  the  model  presented  in  chapter  3  and  applies  it  to  the  analysis  of 
mortality  in  irradiated  nonhomogeneous  mammalian  populations. 


4.2.  Generalized  Model  of  Mortality  for 
Nonhomogeneous  Population 


To  apply  the  mathematical  models  in  chapters  1-3  to  describe  radiation- 
induced  mortality  of  a  nonhomogeneous  population,  it  is  necessary  to  repre¬ 
sent  the  population  as  a  collection  of  a  finite  number  of  homogeneous 
subpopulations.  Within  the  context  of  this  approach,  it  is  reasonable  to  assume 
that  the  nonhomogeneity  of  a  mammalian  population  to  radiation  exposure  is 
principally  due  to  the  dissimilar  radiosensitivity  of  critical  system  cells.  In  our 
models  (chapters  1  and  2),  the  parameter  D\  characterizes  the  radiosensitivity 
of  division-capable  precursor  cells  in  the  thrombocytopoietic  system  and  in 
the  crypts  of  the  small  intestine  epithelium  system.  The  specimen  distribution 
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in  the  radiosensitivity  index  of  the  critical  system  cells,  D\,  in  a  nonhomo- 
geneous  mammalian  population  will  be  described  by  a  continuous  function 
(p(Di).  Then,  by  definition,  (p(Di)  dD\  is  the  fraction  of  specimens  whose  index 
of  critical  system  cell  radiosensitivity  lies  between  D  \  and  D  \  +  dD  i .  The  range 
of  the  continuous  random  variable  D\  breaks  into  a  finite  number  of  intervals 
/.  Thus,  we  have  I  groups  of  specimens  whose  critical  cell  radiosensitivity 
index  D\  belongs  to  the  respective  ith  interval  {D'u,  D\i)  (i  =  .  ,1).  The 

fraction  of  animals  constituting  the  /th  group  is  expressed  through  the  prob¬ 
ability  density  function  (p(Di)  as  follows  [3]: 

D'ii 

m  =  J  dDi. 

Du  (4.1) 

The  mean  value  of  Di  for  animals  of  the  ith  group  is 

D'ii 

D\i  =  -\  Di  (p(Di)r/Di. 

D'u  (4.2) 

The  initial  continuous  distribution  (p(Di)  is  then  approximated  by  a  discrete 
distribution  in  the  following  way.  Assume  that  the  random  variable  D\  takes 
on  discrete  values  Du  (equation  4.2)  with  the  probability 

<Pi{D\i)  -  rii  (/  =  1, . . . ,  /),  (4.3) 

where  the  probabilities  ni  are  determined  by  equation  4.1.  This  operation  is 
equivalent  to  the  representation  of  the  initial  nonhomogeneous  population  as 
a  set  of  a  finite  number  of  homogeneous  subpopulations.  The  number  of 
specimens  in  the  ith  homogeneous  subpopulation  coincides  with  the  number 
of  specimens  in  the  I’th  group  of  the  initial  population  whose  D\  belongs  to  the 
ith  interval.  The  parameter  Du  that  shows  the  radiosensitivity  of  the  critical 
system  cells  for  individuals  of  the  ith  homogeneous  subpopulation  is  equal  to 
the  mean  value  of  D\  for  the  individuals  of  the  ith  group  of  the  initial 
population.  It  should  be  noted  that  with  any  method  of  subdivision  of  the  range 
of  continuous  random  variable  D\  into  intervals  and,  regardless  of  the  number 
of  the  latter,  the  mean  values  of  the  radiosensitivity  index  of  the  critical  system 
cells  for  individuals  of  the  initial  nonhomogeneous  population  and  for  indi¬ 
viduals  of  the  nonhomogeneous  populatioji,  which  is  a  set  of  the  homogeneous 
subpopulations  (with  parameters  m  and  Di/  (/=  1,  ...,/)),  are  equal.  This 
follows  from  the  equality  of  the  expected  value  of  the  random  variable  D\ 
described  by  the  continuous  distribution  (p(Z)i)  and  of  the  expected  value  of 
the  random  variable  D\  described  above  by  the  derived  discrete  distribution 
(p/fOli)  (equation  4.3). 

The  dynamics  of  radiation-induced  mortality  of  each  /th  homogeneous  sub¬ 
population,  whose  members  have  their  particular  value  of  the  radiosensitivity 
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index  Du,  can  be  calculated  by  the  model  described  in  chapter  3.  This  will 
yield  a  set  of  values  of  the  biometric  functions  (mortality  rate  pi(t),  probability 
density  w,(0,  and  life  span  probability  v,(t))  that  describe  the  mortality  dynam¬ 
ics  of  the  ith  subpopulation  under  a  given  irradiation  regime. 

The  biometric  functions  ps(0.  and  vx(t),  characterizing  the  mortality 
dynamics  of  the  population  as  a  whole,  are  expressed  through  the  biometric 
functions  pi(t),  wi{t)  and  vi(t)  (i  =  1,  As  indicated  in  chapter  3,  the 

biometric  function  v2(0  represents  the  ratio  of  animals  that  survived  to  time  t, 
Ni(t),  to  their  initial  number  Noi  in  the  population: 


vi(0  = 


Nzjt) 
Not.  ■ 


(4.4) 


For  each  instant  time  t,  the  values  of  the  functions  V/(0  (/=  1 are  known. 
They  are  equal  to  the  ratio  of  the  number  of  specimens  of  the  /th  subpopulation 
that  survived  to  time  t,  Ni(t),  to  their  initial  number  Noi  =  Abz  •  m: 


V/(0 


Ml 

Noi 


Ni{t) 
Noz  ■  nf 


(4.5) 


It  follows  from  4.5  that 


M(0  =  Noz  ■  Vi(t)  ■  ni.  (4.6) 

Hence,  the  total  number  of  animals  surviving  to  time  t  in  the  population 
composed  of  I  homogeneous  subpopulations  is 

I  I 

Nzit)  =  X  M)  =  Noz  X  •  ni. 

/=!  «=1  (4.7) 

Substitution  of  4.7  into  4.4,  yields 

I 

vz{t)  =  ^  viit)ni. 

1=1  (4.8) 

The  biometric  function  wz(t)  is  equal  to  the  ratio  of  the  number  of  animals  in 
the  population  that  die  at  time  t,  dNzJdt,  to  the  initial  number  of  animals  Noz. 


dNz  1 

wzit)  =  -  — r-  ■  — —  . 

dt  Noz  (4.9) 

For  every  instant  time  t,  the  values  of  the  functions  wi{t)  (/=  1, ...,/)  are 
known.  They  are  equal  to  the  ratio  of  the  number  of  animals  belonging  to  the 
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ith  subpopulation  that  die  at  time  t,  dNildt,  to  the  initial  number  of  animals  in 
this  subpopulation  Noi  =  Noi,  ■  m: 


wi{t)  =  - 


dt 


J_ 

Noi 


dNi  1 
dt  Noi  •  m' 


(4.10) 


It  follows  from  4.10  that 


dNi 

dt 


Not,  ■  wi(t)  ■  m. 


(4.11) 


In  accordance  with  4. 1 1 ,  the  total  number  of  specimens  in  the  entire  population 
that  die  at  time  t  is  defined  by  the  expression 


dNi,  ^  dNi  ^  .  . 


(4.12) 


Substitution  of  4.12  into  4.9  yields 


/ 

H'z(0  =  ^  Wi(t)ni. 

i=l  (4.13) 

The  biometric  function  pz(0  represents  the  ratio  of  the  number  of  animals  in 
the  population  that  die  at  time  t,  dNz  Idt,  to  the  number  of  animals  of  the  same 
population  that  survived  to  time  t,  Njit): 

dt  ‘  N-Lit)  (4.14) 

By  the  relations  described  in  4.7, 4.8, 4.12,  and  4.13  the  following  formula  is 
obtained: 


Noz  I  wijt)  m  ^  wzjf) 

Noz'Z'i=iViit)ni  vz{t)  '  (4.15) 

Another  version  of  the  formula  is  suitable  for  calculating  function  ps(t). 

Values  of  the  function  p,(0  (i  =  1 . /)  are  known  for  each  instant  t.  They 

are  equal  to  the  ratio  of  the  number  of  animals  that  die  at  time  t,  dNildt,  to  the 
number  of  animals  that  survived  to  time  t  in  the  /th  subpopulation  Ni{t): 

dt  '  Niit)  ■  (4.16) 


From  4.16, 
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=?/(»)■«*). 

According  to  4.6  and  4. 17,  the  total  number  of  animals  in  the  whole  population 
that  die  at  time  t  is 


dNY, 

dt 


/  I 

=  X  pi(0  •  Ni{t)  =  IVoz  Yj  P'(0  •  Vi{t)  •  m. 


/=!  /=! 


/=! 


(4.18) 


In  turn,  according  to  formulas  4.7  and  4.8,  A/z  is  defined  by  the  expression 

/ 

Az(l)  =  AoS  X  '''(^)  ■ 

i=l  (4.19) 


Substitution  of  4.18  and  4.19  into  4.14,  yields 


P5;(0  = 


l[=  I  P'(^)  '"'(0  ni 
!•=,  v/(0«i 


1 

vz(0 


/ 

•  X  PK0vj(0«i- 

/=  1 


(4.20) 


Thus,  a  mathematical  model  in  the  general  form  was  built  to  enable  the 
calculation  of  statistical  biometric  functions  that  describe  mortality  dynamics 
in  irradiated  mammals  from  a  population  that  is  nonhomogeneous  in  radiosen¬ 
sitivity. 


4.3.  Normal  and  Log-Normal  Distributions  of  Animal 
Populations  and  the  Radiosensitivity  Index  of  Their 
Critical  System  Cells 


The  mathematical  model  in  section  4.2  was  refined  to  describe  a  nonhomo¬ 
geneous  population  by  using  two  types  of  distribution:  normal  (Gaussian)  and 
log-normal,  most  frequently  used  in  biology.  Examined  first  was  the  case 
where  the  distribution  of  animals  of  a  nonhomogeneous  population  in  the 
radiosensitivity  index  of  the  critical  system  cells,  D\,  obeyed  the  Gauss  law 
[3]: 


tpM^i)  = 


a 


expl  - 


jPx  -  D\9 

2a2 


(4.21) 


In  formula  4.21  the  parameter  Di  is  the  expected  value  of  the  random  variable 
£>1  (the  mean  of  the  density  (pAf(Di)),  and  is  equal  to  the  variance  V{D\)  of 
the  probability  density  function  <pn{D\).  The  range  of  the  variable  D\  in  4.21 
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covers  real  numbers  from  to  +oo;  however,  in  practice,  a  finite  range  of  the 
normal  random  variable  is  taken.  In  many  cases,  the  range  is  restricted  by  a 
tripled  standard  deviation  from  the  mean  value  in  both  sides,  and  no  renor¬ 
malization  of  the  normal  probability  density  function  is  performed.  This  is 
acceptable  because  the  probability  for  a  normal  random  variable  to  assume  a 
value  that  is  outside  the  indicated  region  is  negligible  (0.0027)  [4].  Because 
the  ratio  of  the  standard  deviation  to  the  mean  for  many  biological  indices 
described  by  normal  distribution  does  not  ejcceed  0.3  [5],  our  consideration 
was  also  restricted  to  the  interval  (Di  -  3ct,  D\  -H  3o).  It  is  in  this  region  that 
the  random  variable  Di  is  positive,  having  a  real  physical  meaning. 

When  passing  to  discrete  distribution  (equation  4.3),  the  studied  range  of  the 
continuous  random  variable  D\  is  subdivided  into  six  symmetric  intervals 
relative  to  D\  with  the  following  boundaries: 

Di  -  3a,  Di  -  2a,  Di  -  <5,D\,D\  -f-  a,Di  -f-  2a,  Di  +  3a.  (4.22) 

According  to  equations  4.1, 4.2,  and  4.21,  ni  and  Du  in  4.3  are  defined  by  the 
formulas 


=  <D(f/n  -  d)(f//),  and 


(4.23) 


Du  =  Di  -  ^  ^ 


m 


,  (t/r)2 

exp-j 


expl  - 


(Ui) 


.^2 


(4.24) 


In  4.23  and  4.24,  Uf  and  U'i  are  expressed  through  the  boundary  values  of  the 
intervals  Du  andDu': 


Ui  =  (Du-  D\)/a-,  Ui'  =  (Di'i  -  Di)/a. 


(4.25) 


In  4.23,  0(U)  is  the  standard  normal  distribution  [3]: 


d)(f/) 


(4.26) 


With  the  chosen  values  of  D{  andDU  (equation  4.22),  the  parameters  m  and 
D\i  (j  =  1, . . . ,  6)  are  respectively  equal  to 


ni  =  0.02140, 
ni  =  0.13591, 
n3  =  0.34134, 


n4  =  0.34134, 
ns  =  0.13591, 
«6  =  0.02140, 


(4.27) 


and 
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Dll  =  Di  -  a -2.31585,  Du  =  Di  -f  a -0.45986, 

Di2  =  -  a  - 1.38312,  Di5  =  Di  +  c  -  1.38312, 

Di3  =  Di  -  o  -  0.45986,  Di6  =  Di  +  o  -  2.31585.  (4.28) 

In  calculating  m,  the  table  of  the  function  0(17)  was  used  [4]. 

In  the  approximation  applied,  the  initial  nonhomogeneous  population  with  a 
normal  distribution  of  specimens  in  the  radiosensitivity  index  of  the  critical 
system  cells  can  indeed  be  represented  as  a  set  of  the  six  homogeneous 
subpopulations.  The  number  of  specimens  in  each  of  the  subpopulations  is 
determined  by  m  (4.27).  The  index  of  indivWual  radiosensitivity  of  critical 
system  cells  in  each  of  the  six  subpopulations,  D  i  i  (4.28),  is  uniquely  expressed 
by  the  parameters  Di  and  a  of  the  normal  distribution  (pMDi)  (4.21). 

Examined  next  was  log-normal  distribution  of  specimens  of  the  population  in 
the  radiosensitivity  index  Di  of  the  critical  system  cells,  which  means  that  the 
logarithm  of  the  random  variable  Di,  X=  In  Di,  and  not  the  random  variable 
Di  itself,  is  distributed  by  normal  law.  The  probability  density  function 
<Pln(.Di)  of  the  random  variable  Di  is  expressed  through  the  expected  value 
m  and  the  standard  deviation  0  of  the  normal  random  variable  X  [3]: 


<PLn(Di)  = 


_l _ 1_ 

oV^  Di 


(In  Di  -  m)^] 

2^^  J 


(4.29) 


The  parameters  m  and  0  also  define  the  expected  value  Di  of  the  random 
variable  D  i  and  the  variance  V(Di)  of  the  probability  density  function  <pLN  (D  i ) 
(4.29). 


Di  =  exp 


(4.30) 


V(Di)  =  exp(2m  +  0^)  j^exp(02)  -  ij.  (4.31) 

TherangeofthenormalrandomvariableX  includes  real  numbers  from  -<»  to 
+00.  The  corresponding  range  of  the  random  variable  Di  includes  positive  real 
numbers.  Therefore,  the  random  variable  Di  described  by  log-normal  distri¬ 
bution  (4.29)  has  a  real  physical  meaning  within  the  domain  of  its  definition. 


In  passing  to  discrete  distribution  (4.3),  it  is  more  convenient  first  to  deal  with 
the  normal  random  variable  X  =  In  Di .  As  before,  we  restrict  the  consideration 
to  its  finite  range.  Now,  however,  X  must  not  be  necessarily  positive,  so  we 
can  set  its  wider  range:  (m  -  50,  m  +  50).  In  this  case,  the  probability  for  a 
normal  random  variable  to  take  on  values  lying  outside  the  indicated  limits  of 
the  given  region  is  practically  equal  to  zero  (5.734  - 10'^)  [4].  So  there  is  no 
need  for  a  renormalization  of  the  corresponding  distribution  functions.  The 
indicated  range  of  the  normal  random  variable  X  was  broken  up  as  in  the  first 
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version  into  six  symmetrical  intervals  relative  to  the  expected  value  m  and 
having  the  same  internal  boundaries: 


m-5<5,m-2o,m-<5,m,m  +  <5,m  +  2(5,m  +  5a.  (4.32) 

The  corresponding  boundaries  D'u,  and  D\i  of  the  intervals  of  the  range  of  the 
random  variable  D\  are  expressed  in  terms  of  the  parameters  m  and  a  in  the 
following  way: 


gWi-5o^  gin-a^  gm+5o  (4.33) 

According  to  4.1,  4.2,  and  4.29,  ni  and  Du  are  defined  in  4.3  by  the  formulas 


m  =  <!>((/")  -  <D(C/'),  and  (4.34) 


Du  = 


du . 


(4.35) 


In  equations  4.34  and  4.35,  U'i  and  l/i  are  expressed  by  the  boundary  values 
of  the  intervals  Du  and  Du: 


U'i  =  (In  Dii-  m)/o,  U'i  =  (InD'u-  m)/a.  (4.36) 

In  4.34, 0(f/)  is  the  standard  normal  distribution  as  defined  in  equation  4.26. 

With  the  chosen  values  of  D’u  and  D'u  in  4.33,  the  parameters  of  m  (i  =  1, . . 
. ,  6)  are  as  follows  [4]: 

ni  =  0.02275  n4  =  0.34134 
m  =  0.13591  ns  =  0.13591 
ns  =  0.34134  ne  =  0.02275  (4.37) 

and  the  lower  and  upper  integration  limits  in  formula  4.35  (which  defines  Du 
(/  =  1, . . . ,  6))  are  set  by  the  following  pairs  of  numbers: 


[-5,  -2] 

[0,  1] 

[-2,-1] 

[1,2] 

[-1,0] 

[2,  5] 

(4.38) 

Thus,  in  the  stated  approximation  above,  the  initial  nonhomogeneous  popula¬ 
tion  with  a  log-normal  distribution  of  animals  in  the  radiosensitivity  index  of 
critical  system  cells  can  be  represented  as  a  nonhomogeneous  population 
formed  by  six  homogeneous  subpopulations.  The  fraction  of  animals  in  each 
subpopulation  is  determined  by  nt  (4.37).  The  index  of  individual  radiosensi¬ 
tivity  of  critical  system  cells  for  specimens  of  these  subpopulations,  Di/  (4.35) 
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is  uniquely  expressed  by  the  parameters  m  and  a  of  the  log-normal  distribution 
(pLN  (4.29). 

We  have  thus  proposed  two  versions  for  calculating  the  quantities  m  and  Du 
(/  =  1 , . . . ,  7),  which  are  parameters  of  the  model  of  radiation-induced  mortality 
in  a  nonhomogeneous  mammalian  population.  These  versions  are  used  when 
the  distribution  (p(Di)  of  specimens  of  the  population  in  the  cell  radiosensitiv¬ 
ity  index  D\  is,  respectively,  normal  or  log-normal.  However,  the  study  of  the 
relationship  between  the  mortality  dynamics  and  the  type  of  probability 
density  function  (p(Di)  was  not  the  only  objective  of  our  investigations.  It  was 
also  our  intention  to  examine  the  correlation  between  radiation-induced  mor¬ 
tality  and  degree  of  nonhomogeneity  of  the  population,  i.e.,  the  spread  of 
values  of  the  random  variable  D\  about  a  fixed  mean  Di.  As  a  measure  of 
nonhomogeneity  can  serve  a  dimensionless  quantity  K,  which  is  equal  to  the 
ratio  of  the  square  root  of  the  variance  ^V{D\)  to  the  mean  D  \  of  the  probability 
density  function  (p(Di)  of  the  radiation  variable  D\,  then 

K  =  <V(D\)iD\.  (4.39) 

If  the  random  variable  D\  is  described  by  the  normal  distribution  (pA(Di) 
(equation  4.21),  K  is  uniquely  related  to  the  parameters  of  this  distribution  [3]: 

a  =  kDi.  (4.40) 

Therefore,  according  to  4.40,  the  variation  of  k  in  a  model  study  of  the  effect 
of  population  nonhomogeneity  on  the  dynamics  of  radiation-induced  mortality 
will_be  manifested  in  changes  of  the  parameter  o  in  formulas  4.28  for  calculat¬ 
ing  D\i. 

If  the  random  variable  D\  is  described  by  the  log-normal  distribution  (pzjv(7)i) 
(4.29),  then  in  accordance  with  4.30  and  4.31,  the  dimensionless  quantity  k  is 
determined  by  only  one  parameter  a  of  the  log-normal  distribution  f^LNiDy)-. 

K  =  VV(Di)/Di  =  [exp(a2)  -  (441) 


Hence  we  find 


a  =  [ln(K2  +  l)]l^2  (4  42) 

According  to  4.30,  the  second  parameter,  m,  of  the  distribution  (piMOl)  (4.29) 
can  be  expressed  by  o  and  by  a  fixed  expected  value  Dy  of  the  random  variable 
Dy  as  follows: 


m  =  lnDi-a2/2.  (4.43) 

Substitution  of  4.42  into  4.43  yields 
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—  1  o 

m  =  In  Di  -  2  ln(K^  +  !)•  (4  44) 

Consequently,  in  this  case,  when  modeling  the  dependence  of  population 
mortality  on  the  degree  of  its  nonhomogeneity,  the  variation  of  K  leadsjo 
changes  in  both  parameter  o  (4.42)  and  parameter  m  (4.44)  in  the  Dm 
calculation  formula  (4.35). 

This  model  was  used  in  studies  of  the  gastrointestinal  and  bone-marrow 
syndromes  of  radiation-induced  mortality  in  radiosensitive,  nonhomogeneous 
mammalian  populations.  Results  of  these  studies  are  given  in  subsequent 
sections  of  this  chapter. 


4.4.  Intestinal  Form*  of  Radiation-Induced  Mortality 
of  Mammals 


The  generalized  model  described  in  the  preceding  sections  was  used  to  study 
mortality  dynamics  of  a  nonhomogeneous  mammalian  population  exposed  to 
chronic  or  acute  radiation  conditions  with  the  small  intestine  epithelium  as  the 
critical  system.  Accordingly,  the  mathematical  model  of  the  dynamics  of  the 
crypt-villus  system  (section  2.3)  and  the  model  simulating  the  intestinal  form 
of  mortality  of  a  homogeneous  mammalian  population  (section  3.3)  were  used. 
As  in  sections  2.3  and  3.3,  mice  were  used  for  the  modeling.  All  the  parameters 
of  the  above  models  were  kept  unchanged.  The  numerical  value  of  the 
averaged  index  of  radiosensitivity  for  the  division-capable  precursor  cells  of 
the  crypts  was  given  to  the  parameter  D\,  a  key  parameter  of  the  nonhomo¬ 
geneous  population  mortality  model.  In  this  case,  D\  denotes  the  expected 
value  of  the  random  variable  Di  (index  of  radiosensitivity  of  the  cells  of  the 
crypt-villus  system  for  members  of  a  nonhomogeneous  population). 

Parameters  n/ were  determined  first,  and  the  parameters  Dij(/  =  1, . . . ,  6)  were 
calculated  from  the  givenDi  and  the  chosen  value  of  k  (4.39).  Equations  4.27, 
4.28,  and  4.40  were  used  for  normal  distribution  <^n{D\)  (4.21)  of  the  random 
variable  Di,  and  equations  4.35-4.38, 4.42,^nd  4.44  were  used  for  log-normal 
distribution  (4.29).  The  values  of  Dm  obtained  are  listed  in  table  4.1. 

Next,  the  model  2.9-2.12  was  used  to  find  the  dynamics  of  the  small  intestine 
epithelium  for  six  subpopulations  of  mice  in  the  chosen  radiation  conditions 
and  the  corresponding  valuesofDi/(i=  1, . . .  ,6).  Recall  that  the  latter  describe 
the  individual  radiosensitivity  of  intestinal  epithelium  precursor  cells  in  speci¬ 
mens  of  the  fth  subpopulation.  The  values  of  the  functional  cell  concentration 
of  the  crypt- villus  system  thus  obtained  were  substituted  into  formula  3.21  of 
the  mortality  model  3.18-3.21,  3.23,  and  3.24.  The  biometric  functions  vKO. 
wi{i),  and  p/(0  (/=!,...,  6),  which  describe  the  mortality  of  mice  in  each  of 


*Many  American  scientists  use  the  term  "gastrointestinal  subsyndrome"  of  the  acute  radiation 
syndrome. 
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Table  4.1.  Index  of  individual  radiosensitivity  Du  (/  =  1,  .  .  .  ,  6)  of  small 
intestine  epithelium  precursor  cells  for  specimens  of  six  subpopulations  that 
constitute  the  nonhomogeneous  population.  Normal  and  the  log-normal  distri¬ 
butions  of  animals  of  the  initial  nonhomogeneous  population  in  the  radiosen¬ 
sitivity  index  D\  were  examined.  The  distributions  have  equal  means,  D\  = 
1 1 .2  Gy,  and  differ^t  variances  V(Di).  The  parameter  k  is  defined  by  formula 
4.39:  K  =  a/V(Di)/Di. 


Parameter 

Distribution 

Normal 

Log-normal 

K 

0.15 

0.3 

0.3 

1.0 

1.5 

Dll 

7.309 

3.419 

5.370 

1.137 

0.500 

D\2 

8.876 

6.553 

7.170 

2.565 

1.441 

Di3 

10.427 

9.655 

9.405 

5.549 

3.948 

Du 

11.973 

12.745 

12.321 

11.942 

10.731 

Dis 

13.524 

15.847 

16.151 

25.711 

29.161 

Di6 

15.091 

18.981 

21.643 

59.815 

88.725 

the  six  subpopulations  for  the  chosen  irradiation  conditions,  were  calculated 
in  the  framework  of  this  model.  Further,  using  the  values  of  v/(0,  w/(0,  p/(f), 
and  Hi  (/  =  1,  .  .  .  ,  6)  and  formulas  4.8,  4.13,  and  4.20,  the  functions  vz(0, 
w'zitX  and  pz(f)  were  found.  These  functions  characterize  the  mortality  dy¬ 
namics  for  the  nonhomogeneous  population  as  a  whole.  Parameter  k,  chronic 
radiation  dose  rate,  and  acute  radiation  dose  were  varied  in  the  model  studies. 
As  in  section  3.3,  the  chosen  time  of  the  model  experiment  was  12  days,  and 
the  age  of  the  animals  at  the  onset  of  radiation  was  100  days. 

When  analyzing  the  results  of  modeling  mortality  dynamics  in  the  nonhomo¬ 
geneous  population  of  mice  exposed  to  continuous  radiation,  normal  specimen 
distribution  in  the  radiosensitivity  index  of  the  intestinal  epithelium  precursor 
cells  was  considered  first.  Figures  4. 1-4.3*  show  the  biometric  functions  pz(0. 
W2:(/),  and  v'£,(t),  and  describe  mortality  in  the  nonhomogeneous  population  of 
mice  chronically  irradiated  with  three  different  dose  rates  N,  The  value  of  the 
parameter  k  (equation  4.39)  is  close  to  the  maximum  possible  value  for  this 
particular  distribution  type  (section  4.2).  These  figures  (and  other  similar  ones) 
also  include  functions  p(0,  vv(0,  and  v(t)  and  specify  the  mortality  for  the 
homogeneous  population  of  mice  under  the  same  radiation  conditions.  The 
radiosensitivity  index  of  the  intestinal  epithelium  precursor  cells  in  the  speci¬ 
mens  of  this  population  is  equal  to  the  expected  value  Di  of  the  random 
variable  D\  that  describes  this  radiosensitivity  index  in  animals  of  the  initial 
nonhomogeneous  population.  Figure  4.3  also  shows  corresponding  experi- 


*Figures  begin  on  page  97. 
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mental  data  on  mortality  dynamics  of  laboratory  mice  [6].  The  results  demon¬ 
strate  that  the  inclusion  of  population  nonhomogeneity  in  the  model  does  not 
result  in  a  qualitative  change  of  the  dependence  of  the  mortality  rate,  life  span 
probability  density,  and  life  span  probability  on  time  r  at  a  constant  N  and  on 
N  at  constant  t.  At  the  same  time,  some  specific  features  are  observed  at  the 
quantitative  level.  For  instance,  comparison  of  functions  ps(f)  and  p(0  in 
figure  4. 1  and  functions  W2(0  and  w(/)  in  figure  4.2  shows  that  the  model  of 
nonhomogeneous  population  mortality  at  the  two  lower  N  values  predicts 
mortality  rate  and  life  span  probability  density  higher  over  the  entire  time 
period  studied  than  the  model  of  homogeneous  population  mortality:  pz(0  > 
p(r)  and  wi(0  >  w{t).  At  the  highest  of  the  three  dose  rates  N,  the  differences 
between  pi;(0  and  p(0,  as  well  as  between  wjit)  and  w{t),  are  small.  Within 
the  earlier  time  intervals  after  onset  of  radiation,  the  relationship  between 
functions  pz(0  and  p(0,  as  well  as  between  we(0  and  w(0,  is  of  the  same  type 
as  with  lower  N  values,  whereas  in  the  later  time  intervals  it  is  the  reverse: 
PE(0  <  p(0.  and  wzit)  <  w{t).  However,  the  changed  relation  between  the 
functions  in  the  final  time  interval  produces  no  qualitative  changes  of  the 
relationship  between  the  corresponding  life  span  probability  functions  vz(t) 
and  v{t).  With  all  three  dose  rates  N  used  in  the  calculations,  the  nonhomo¬ 
geneous  population  mortality  model  predicts  a  lower  survival  of  animals  than 
that  suggested  by  the  experimental  data  obtained  on  laboratory  mice  [6]  and 
the  one  predicted  by  the  homogeneous  population  mortality  model:  vz(0  < 
v(0- 

It  is  important  that  the  calculation  results  demonstrate  substantial  distinctions 
in  mortality  dynamics  of  the  subpopulations  constituting  the  nonhomogeneous 
population.  Comparison  of  the  functions  pKO  (/  =  1, . .  . ,  6)  reveals  that,  at 
each  of  the  three  dose  rates  N,  the  mortality  rate  increases  and  reaches  greater 
values  the  greater  the  individual  radiosensitivity  of  the  critical  system  precur¬ 
sor  cells  for  a  particular  subpopulation,  i.e.,  the  lower  Du-  In  turn,  the 
maximum  values  of  the  life  span  probability  density  function  wiit)  are  higher 
and  occur  earlier  when  Du  values  are  lower.  Accordingly,  survival  at  time  t 
(0  <  r  ^12  days)  is  higher  in  a  subpopulation  whose  specimens  have  higher 
Dl/.  In  particular,  after  12  days  of  continuous  irradiation  at  a  dose  rate  A^=  1.5 
Gy/day,  0.41%  and  88.12%  of  animals  in  the  first  and  sixth  subpopulations, 
respectively,  survived.  Members  of  these  subpopulations  have  the  lowest  and 
the  highest  indices  of  radiosensitivity  of  the  intestinal  epithelium  precursor 
cells  D\  1  and  D\e.  Therefore,  the  survival  of  mice  with  the  most  radioresistant 
critical  system  cells  differs  from  the  survival  of  mice  with  the  most  radiosen¬ 
sitive  cells  by  nearly  215  times. 

Qualitatively  similar  results  were  obtained  when  modeling  mortality  of  the 
nonhomogeneous  population  at  other  values  of  the  parameter  k  (0  <  k  <  1/3) 
and  at  other  values  (but  of  the  same  order  of  magnitude)  of  A.  It  was  found 
that,  at  the  same  N,  differences  in  the  predicted  mortality  for  nonhomogeneous 
and  homogeneous  populations  and  also  for  individual  subpopulations  are  less 
pronounced  when  the  variance  V{D\)  is  lower,  i.e.,  when  parameter  K  is 
smaller.  This  is  confirmed  by  the  modeling  results  for  the  biometric  func- 
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tions  p2;(0  and  p(0,  we(0  and  w(t),  and  vz{t)  and  v{t)  in  figures  4.4-4.6.  They 
reproduce  the  mortality  of  nonhomogeneous  and  homogeneous  populations  of 
mice  exposed  to  continuous  radiation  at  the  same  dose  rates  shown  in  figures 
4. 1-4.3.  The  parameter  K  in  this  particular  calculation  is  half  of  k  used  in  the 
preceding  calculation.  It  is  evident  from  figures  4.4-4.6  that,  for  chosen  dose 
rates  N,  the  differences  between  functions  pi;(t)  and  p(r),  H'x(t)  and  w(0,  and 
vsCO  and  v{t),  as  well  as  between  vE(t)  and  experimental  data  [6]  obtained  on 
laboratory  mice  are  less  pronounced  than  the  differences  shown  in  figures 
4. 1-4.3.  The  same  applies  to  mortality  dynamics  for  individual  subpopulations. 
For  example,  after  12  days  of  continuous  irradiation  at  a  dose  rate  of  1.5 
Gy/day,  survival  in  the  first  and  sixth  subpopulations  is  6.59%  and  74.81%, 
respectively.  The  ratio  of  survivals  is  1 1 .35.  Consequently,  a  twofold  decrease 
of  the  parameter  k  leads  to  a  greater  than  twentyfold  reduction  of  this  ratio. 

Modeling  data  obtained  for  log-normal  distribution  of  population  specimens 
in  the  radiosensitivity  index  of  the  intestinal  epithelium  precursor  cells  are  now 
examined.  Figures  4.7-4.9  demonstrate  biometric  functions  pz(0,  and 
vz(0  describing  mortality  dynamics  for  the  nonhomogeneous  population. 
They  were  calc^ated  for  the  same  values  of  chronic  irradiation  dose  rate  N, 
expected  value  Di,  and  variance  V(Di)  (i.e.,  for  the  same  parameter  k)  as  the 
biometric  functions  in  figures  4.1-4. 3.  Figures  4.7-4.9  show  the  biometric 
functions  p(r),  w(0,  and  v(0  that  express  the  mortality  dynamics  of  the 
homogeneous  population  in  the  same  irradiation  conditions.  Corresponding 
experimental  data  [6]  are  also  presented  in  figure  4.9.  Comparison  of  the 
results  in  figures  4.7-4.9  and  4. 1-4.3  show  that,  for  the  given  parameters,  the 
nonhomogeneous  population  mortality  model  based  on  the  log-normal  speci¬ 
men  distribution  manifests  the  same  patterns  as  the  model  with  normal 
specimen  distribution.  There  is  also  a  quantitative  similarity  in  the  results. 

Figures  4.10-4.12  show  the  biometric  functions  pz(0  and  p(0,  W2(t)  and  w^), 
and  vE(r)  and  v(0  calculated  for  the  three  chronic  irradiation  dose  rates  N  and 
for  a  greater  parameter  K  than  was  used  in  the  preceding  calculation.  Compari¬ 
son  of  figures  4.7-4.9  and  figures  4. 1 0-4. 1 2  demonstrates  that,  at  the  same  dose 
rate,  the  differences  between  the  functions  pi(0  and  p(0,  wz(0  and  w{t),  and 
vzit)  and  v{t)  are  more  significant  at  higher  k.  For  instance,  after  12  days  of 
prolonged  radiation  exposure  with  N=  0.5  Gy/day,  the  homogeneous  popula¬ 
tion  has  98.20%  survival,  whereas  the  nonhomogeneous  populations  have 
96.86%  survival  (k  =  0.3)  and  78.53%  survival  (k  =  1.0).  An  increase  of  the 
parameter  K  by  a  factor  of  3.3  brings  about  a  1.2-fold  increase  in  the  ratio  of 
mortality  of  homogeneous  and  nonhomogeneous  populations.  When  k  is 
higher,  the  greatest  difference  is  observed  between  the  function  vz(t)  and 
corresponding  experimental  data  [6]  (figs.  4.9  and  4.12). 

The  parameter  k  is  largely  responsible  for  the  amount  of  differences  in 
mortality  dynamics  between  individual  subpopulations  constituting  a  particu¬ 
lar  nonhomogeneous  population.  This  is  illustrated  by  the  modeling  results  in 

figures  4.13-4.30.  The  biometric  functions  pi(r),  Wj(0,  and  vi(t)  (/  =  1 . 6) 

shown  were  calculated  for  the  same  parameters  as  were  functions  pz(0,  wiCr), 
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and  vz(t)  in  figures  4.10-4.12.  Comparison  of  the  function  p/(0  in  figures 
4. 13-4.18  reveals  that  in  the  model  with  log-normal  distribution  as  in  the  model 
with  normal  distribution,  the  mortality  rate  increases  slower  and  reaches  lesser 
values  as  Di(  increases  with  each  of  the  three  dose  rates  N.  Calculations  show 
that  the  maximums  of  functions  wi(t)  diminish,  and  the  time  required  to  attain 
them  increases  as  Du  increases.  Note  that  in  the  model  with  log-normal 
distribution,  the  differences  between  functions  wi(r)  (/  =  1, . . . ,  6)  are  quite 
large  at  the  chosen  values  of  AT  and  K  (figs.  4. 19-4.24).  These  plots,  constructed 
on  the  same  scale,  show  the  functions  W5(t)  and  W6(0  (figs.  4.23-4.24)  actually 
merge  with  the  abscissa  because  their  values  are  much  lower  than  those  of 
function  wi(0  (fig.  4.19)  and  approach  zero  at  all  three  dose  rates.  The 
difference  between  functions  vi(t)  (/  =  1, . . . ,  6)  (figs.  4.25-4.30)  is  also  quite 
large.  In  the  first  subpopulation,whose  members  have  the  lowest  radiosensi¬ 
tivity  index,  Du,  most  of  the  mice  die  within  12  days  of  continuous  irradiation 
at  any  of  the  chosen  dose  rates  N  (fig.  4.25).  AUhe  same  time,  in  subpopula¬ 
tions  with  the  highest  radiosensitivity  indices,  D15  and  D16,  mortality  is  close 
to  zero  (figs.  4.29  and  4.30).  In  particular,  after  12  days  of  continuous  irradia¬ 
tion  at  N  =  0.5  Gy/day,  0.42%  of  the  animals  remain  alive  in  the  first 
subpopulation  and  99.92%  in  the  sixth  subpopulation.  This  means  that  with  K 
=  1.0  the  survival  in  the  sixth  subpopulation  is  241  times  that  observed  in  the 
first  subpopulation.  Note  that  these  quantities  calculated  for  the  same  continu¬ 
ous  irradiation  dose  rate  but  at  a  lower  parameter,  k  =  0.3,  are  79.51%  and 
99.66%,  respectively,  with  a  ratio  of  1.25.  Thus,  a  3.3-fold  increase  in  the 
parameter  K  brings  about  a  higher  than  1 90-fold  increase  in  the  ratio  of  survival 
indices  between  specimens  with  the  most  radioresistant  and  the  most  radio¬ 
sensitive  precursor  cells  of  the  critical  system.  These  results  demonstrate  that 
chronic  exp)Osure,  even  to  relatively  low-dose  rates,  is  particularly  dangerous 
for  mammals  whose  precursor  cells  of  the  small  intestine  epithelium  system 
are  hyperradiosensitive. 

Higher  values  of  the  parameter  K  at  a  given  N  lead  to  even  more  pronounced 
differences  between  the  functions  p£(0  and  p(0,  wx(0  and  w(0,  and  v£(t)  and 
v(r)  (figs.  4.31-4.33),  and  also  between  the  functions  p,(0,  w,(0,  and  v,(0  (i  = 
1,...,6). 

A  curious  relationship  has  been  found  in  the  model  study  of  the  effect  of 
chronic  radiation  on  the  intestinal  syndrome  of  mortality  in  the  nonhomogene- 
ous  population.  Similar  mortality  dynamics  in  nonhomogeneous  populations 
with  both  normal  and  log-normal  specimen  distributions  are  observed  at  dose 
rates  Nthat  decrease  as  variances  V(Di)  of  these  distributions  increase,  i.e.,  as 
parameter  K  increases.  This  is  better  illustrated  by  the  mortality  of  populations 
with  log-normal  distribution.  With  continuous  radiation  at  dose  rates  A  =  0.75 
Gy/day,  A  =  0.3  Gy/day,  and  A  =  0.2  Gy/day,  mortality  dynamics  for  mice  of 
three  nonhomogeneous  populations  (k  =  0.3,  k=  1.0,  and  k  =  1.5)  are  roughly 
similar  (figs.  4.7-4.9, 4.10-4.12,  and  4.3 1-4.33).  In  particular,  12  days  after  the 
onset  of  the  irradiation,  the  survival  of  mice  was  88.48%,  9 1 .00%,  and  88.59%, 
respectively  (figs.  4.9, 4.12,  and  4.33). 
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The  studies  performed  suggest  an  important  conclusion.  As  the  scatter  be¬ 
comes  wider  in  the  values  of  the  individual  radiosensitivity  indexes  of  the 
critical  system  precursor  cells  in  nonhomogeneous  populations  with  both 
normal  and  log-normal  distributions  (i.e.,  as  variance  V{D\)  increases),  the 
level  of  continuous  radiation  dose  rates  hazardous  for  these  populations 
decreases.  This  is  illustrated  by  the  results  of  mortality  modeling  for  a 
nonhomogeneous  population  of  mice  with  log-normal  distribution  and  a  fairly 
high  variance  V(Di)  (k  =  1.5).  After  12  days  of  chronic  irradiation  at  the  dose 
rate  Af  =  0.1  Gy/day,  this  population  had  a  survival  of  96.68%  (fig.  4.33),  with 
92.30%  and  7.62%  of  animals  dying  in  the  first  and  second  subpopulations, 
respectively.  However,  this  radiation  regime  presents  an  incomparably  smaller 
threat  for  a  nonhomogeneous  population  with  low  V(D\)  (k  =  0.15):  most  of 
the  mice  (99.908%)  survived,  whereas  the  first  and  second  subpopulations  of 
this  population  lost  0.13%  and  0.1 1%  of  the  mice,  respectively.  Note  that  for 
the  homogeneous  population  under  similar  radiation  conditions  the  survival 
is  nearly  the  same:  99.91%. 

The  results  of  modeling  the  effect  of  acute  radiation  on  the  intestinal  syndrome 
of  mortality  in  nonhomogeneous  populations  are  examined  next.  Figures 
4.34-4.36  show  the  biometric  functions  pE(r)  and  p(0,  w^it)  and  w(0,  and  vi(0 
and  v(r).  They  describe  the  mortality  dynamics  for  the  nonhomogeneous  and 
homogeneous  populations  of  mice  at  three  different  doses  of  acute  radiation. 
In  the  nonhomogeneous  population  the  specimen  distribution  in  the  radiosen¬ 
sitivity  index  of  the  intestinal  epithelium  precursor  cells  obeys  the  Gauss 
law  with  the  same  values  of  the  mean  D\  and  the  variance  V(£>i)  as  those  in 
figures  4. 1-4.3.  Comparison  of  the  functions  pE(0  and  p(t),  wzif)  and  w(t),  and 
vz(t)  and  v(r)  shows  that  inclusion  of  the  specimen  nonhomogeneity  in  the 
model  produces  no  qualitative  changes  in  the  character  of  postirradiation 
mortality  dynamics  of  the  population  as  a  whole.  But  there  are  quantitative 
differences  in  the  mortality  of  the  homogeneous  and  nonhomogeneous  popu¬ 
lations.  The  differences  are  roughly  similar  to  those  found  above  when 
considering  the  mortality  of  the  analogous  nonhomogeneous  population  ex¬ 
posed  to  chronic  radiation  (figs.  4. 1-4.3).  For  instance,  as  shown  by  figures 
4.34  and  4.35,  the  mortality  rate  and  the  life  span  probability  density  for  the 
nonhomogeneous  population  are  higher  than  for  the  homogeneous  population 
at  all  three  doses  D:  pE(0  >  p(t)  and  wz(t)  >  w(t).  However,  in  contrast  to 
chronic  radiation,  the  times  of  reaching  maximum  values  by  functions  Mrz{t) 
and  w{t)  practically  coincide,  which  means  that  with  acute  radiation  the  peaks 
of  mortality  in  homogeneous  and  nonhomogeneous  populations  occur  simul¬ 
taneously.  According  to  these  results,  survival  is  lower  in  the  nonhomogeneous 
population:  viif)  <  v(t)  (fig.  4.36). 

Calculations  reveal  that  biometric  functions  p((/),  wi{t),  and  v(0  (i  =  1,  . .  . , 
6),  which  reflect  mortality  dynamics  for  six  subpopulations  constituting  the 
nonhomogeneous  population,  differ  appreciably.  Survival  is  lower  in  sub¬ 
populations  whose  members  have  lower  radiosensitivity  indices  Du  for  the 
critical  system  precursor  cells,  as  with  chronic  irradiation.  For  example,  12 
days  after  acute  irradiation  at  D  =  5  Gy,  survival  in  the  first  and  sixth 
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subpopulations  (with  the  lowest  (Du)  and  the  highest  (Di6)  individual  ra¬ 
diosensitivity  indexes)  is  27.80%  and  95.46%,  respectively,  with  a  ratio  of 
3.43. 

In  calculations  by  the  same  model  but  with  other  values  of  K  and  other  doses 
D  of  the  same  order  of  magnitude,  results  were  qualitatively  similar.  Their 
quantitative  comparison  revealed  that,  as  in  the  case  of  chronic  radiation  and 
under  the  same  exposure  conditions,  the  differences  in  mortality  predictions 
for  nonhomogeneous  and  homogeneous  populations  diminish  with  decreasing 
variance  V{D\)  of  normal  distribution,  i.e.,  with  decreasing  k.  This  is  con¬ 
firmed  by  figures  4.37-4.39  that  show  mortality  dynamics  of  nonhomogeneous 
and  homogeneous  populations  for  three  different  doses  D.  Parameter  k  is  half 
the  K  in  the  preceding  calculation  (figs.  4.34-4.36).  At  the  same  dose  D, 
functions  pi;(0  and  p(0,  ws(r)  and  w{t),  and  vz(0  and  v(/)  are  closer  to  each 
other  in  figures  4.37-4.39  than  in  figures  4.34-4.36. 

With  acute  irradiation  as  with  chronic  irradiation  the  differences  in  mortality 
dynamics  between  different  subpopulations  in  the  nonhomogeneous  popula¬ 
tion  also  decrease  with  decreasing  K.  For  instance,  when  K  =  0.15  the  survival 
of  mice  in  the  first  and  sixth  subpopulations  12  days  after  acute  exposure  to  5 
Gy  is  57.60%  and  91.14%,  respectively;  their  ratio  is  1.58,  which  is  about  half 
the  ratio  in  the  model  where  the  same  dose  D  and  the  doubled  value  of  k  were 
used. 

The  results  of  modeling  using  the  log-normal  distribution  type  are  examined 
next.  Figures  4.40-4.42  demonstrate  the  biometric  functions  pz(0  and  p(r), 
wiit)  and  w(r),  and  v£(0  and  v(t)  that  describe  the  mortality  dynamics  for 
nonhomogeneous  and  homogeneous  populations  of  mice  exposed  to  three 
different  radiation  doses  D.  The  values  of  D  and  K  are  the  same  used  earlier 
in  the  model  based  on  normal  specimen  distribution  in  the  nonhomogeneous 
population  (figs.  4.34-4.36).  Comparison  of  these  figures  reveals  rather  similar 
patterns.  Results  obtained  by  the  two  models  are  also  quantitatively  close,  as 
with  chronic  irradiation  (figs.  4. 1-4.3  and  4.7-4.9). 

Figures  4.43-4.45  depict  mortality  dynamics  for  the  nonhomogeneous  and 
homogeneous  populations  of  mice  exposed  to  three  doses  D  of  acute  radiation; 
K  is  higher  in  this  calculation  than  in  the  preceding  one.  Comparison  of  figures 
4.40-4.42  and  4.43-4.45  shows  that  with  both  acute  and  chronic  irradiation  the 
difference  in  predicted  mortality  for  nonhomogeneous  and  homogeneous 
populations  increases  with  increasing  variance  V(Di)  of  the  log-normal  distri¬ 
bution,  i.e.,  with  increasing  k.  For  example,  12  days  after  acute  radiation  at  a 
dose  of  D  =  1.5  Gy,  survival  in  the  homogeneous  and  two  nonhomogeneous 
populations  is  99.39%,  99.03%  (k  =  0.3),  and  92.02%  (k  =  1.0),  respectively. 
Thus,  when  K  increases  3.3-fold,  the  ratio  of  survivals  between  the  homoge¬ 
neous  and  nonhomogeneous  populations  increases  1.1 -fold  (figs.  4.42  and 
4.45). 
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Figures  4.46-4.63  show  the  biometric  functions  p,(0,  and  v,(0  (/=!,.. 
. ,  6),  calculated  for  the  same  parameters  as  functions  ps(t),  and  V2(0  in 
figures  4.43-4.45.  Figures  4.46-4.63  describe  postirradiation  mortality  dynam¬ 
ics  of  six  subpopulations  of  the  nonhomogeneous  population.  The  differences 
between  the  corresponding  functions  pj(0,  wi(t),  and  vi(t)  (/  =  1, . . . ,  6)  are 
considerable,  as  was  the  modeling  of  the  chronic  radiation  effect  on  the 
identical  nonhomogeneous  population. 

Calculations  indicate  that,  with  dose  D  being  the  same,  the  difference  in  the 
predicted  mortality  for  individual  subpopulations  grows  with  increasing  vari¬ 
ance  V(T)i)  of  the  log-normal  distribution  describing  the  original  nonhomo¬ 
geneous  population,  i.e.,  with  increasing  K.  For  example,  12  days  after  acute 
irradiation  at  a  dose  of  D  =  1 .5  Gy,  survival  in  the  first  and  sixth  subpopulations 
is  99.55%  and  99.86%,  respectively,  if  k  =  0.3,  and  29.45%  and  99.95%, 
respectively,  if  k  =  1.0.  Thus,  a  3.3-fold  increase  in  K  brings  about  a  3.2-fold 
increase  in  the  survival  ratio  between  specimens  with  the  most  radioresistant 
and  the  most  radiosensitive  cells  of  the  critical  system  in  the  radiation  condi¬ 
tions  indicated. 

It  should  be  noted  that  the  results  in  figures  4.13-4.30, 4.46-4.63,  and  similar 
calculations  with  both  types  of  Di  distribution  at  other  values  of  K  suggest  a 
direct  correlation  between  the  variability  of  individual  radiosensitivities  of 
intestinal  epithelium  precursor  cells  and  the  variability  of  the  organism’s 
overall  radiosensitivity,  which  manifests  itself  in  different  death  probabilities 
at  high  doses  and  dose  rates  of  acute  and  continuous  radiation. 

The  model  demonstrated  that  the  dose  of  acute  radiation — at  which  nonhomo¬ 
geneous  populations  with  both  normal  and  log-normal  distributions  have  close 
mortality  dynamics — decreases  as  the  variance  V(Di)  of  these  distributions 
increases,  i.e.,  as  K  increases.  This  is  especially  evident  for  mortality  of 
populations  with  log-normal  distribution.  For  example,  similar  mortality 
dynamics  for  three  populations  (k  =  0.3,  K  =  1.0,  and  K  =  1.5)  were  observed 
at  doses  of  1.5  Gy,  0.5  Gy,  and  0.25  Gy  (figs.  4.40-4.42,  4.43-4.45,  and 
4.64-4.66).  Twelve  days  after  exposures,  survival  in  these  populations  was 
99.03%,  99.22%,  and  99.20%,  respectively  (figs.  4.42, 4.45,  and  4.66). 

Posirradiation  mortality  of  populations  with  both  normal  and  log-normal 
distributions  shows  a  feature  similar  to  that  observed  in  the  analysis  of 
mortality  of  nonhomogeneous  populations  exposed  to  chronic  radiation.  The 
level  of  hazardous  doses  of  acute  radiation  lowers  with  increasing  scatter  in 
the  values  of  the  individual  radiosensitivity  index  of  the  intestinal  epithelium 
precursor  cells  in  the  nonhomogeneous  population.  In  particular,  when  mod¬ 
eling  mortality  dynamics  for  two  nonhomogeneous  populations  with  log-nor¬ 
mal  specimen  distribution,  3%  of  the  animals  died  in  one  population  (k  =  1.5) 
and  0.08%  of  the  animals  in  the  other  population  (  k  =  0.15)  12  days  after 
acute  radiation  at  0.5  Gy.  Accordingly,  mortality  in  the  first  subpopulation  was 
62. 12%  and  10.05%,  respectively,  and  in  the  second  subpopulation  was  0. 12% 
and  0.10%,  respectively.  Mortality  of  the  corresponding  homogeneous  popu- 
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lation  was  0.08%.  These  data  demonstrate  that  acute  exposures  to  relatively 
low  radiation  doses  are  particularly  dangerous  for  specimens  whose  intestinal 
epithelium  precursor  cells  show  hyperradiosensitivity. 


4,5.  Bone-Marrow  Form*  of  Mammalian  Mortality 


Mortality  dynamics  for  a  nonhomogeneous  mammalian  population  after  irra¬ 
diation  with  very  high  doses  at  pulsed  or  constant  dose  rates  were  described 
in  the  preceding  section.  Duration  of  the  exposure  was  incomparably  shorter 
than  the  maximum  life  span  of  intact  animals.  Nonhomogeneous  population 
mortality  dynamics  for  the  duration  of  radiation,  which  is  comparable  to  the 
maximum  age  of  intact  animals,  are  reported  in  this  section.  The  critical  system 
for  these  radiation  conditions,  characterized  by  low  dose  rates,  is  bone-marrow 
blood  formation,  specifically  thrombocytopoiesis  (see  chapter  3).  Therefore, 
the  constituent  parts  of  the  nonhomogeneous  population  mortality  model  are 
the  thrombocytopoiesis  dynamics  model  (section  1.3)  and  the  model  describ¬ 
ing  the  bone-marrow  form  of  mortality  for  the  homogeneous  mammalian 
population  (section  3.4).  As  before,  mice  were  used,  and  all  model  parameters 
were  left  unchanged.  The  numerical  value  of  one  parameter,  Di,  which  is  the 
averaged  radiosensitivity  index  of  bone-marrow  thrombocyte  precursor  cells 
capable  of  dividing  (table  1.1),  was  given  to  the  parameter  D  i .  Here  it  denotes 
the  expected  value  of  the  random  variable  Di  that  describes  the  radiosensitivity 
index  of  the  cells  in  the  members  of  the  nonhomogeneous  population. 

For  the  calculation  procedur^the  parameters  ni  were  found  first,  and,  proceed¬ 
ing  from  the  given  value  of  Di  and  the  chosen  value  of  K  (equation  4.39),  the 
parameters  Di  /  (/  =  1, . . . ,  6)  were  calculated.  Formulas  4.27,  4.28,  and  4.40 
for  normal  distribution  (pA<f>l)  (4.21)  of  the  random  variable  Di  and  formulas 
4.35-4.38,  4.42,  an<^4.44  for  log-normal  distribution  (4.29)  were 

used.  The  values  of  Du  obtained  are  summarized  in  table  4.2. 

The  dynamics  of  this  system  in  mice  of  six  s^populations  for  chosen  irradia¬ 
tion  conditions  and  corresponding  values  of  Dn*  (/  =  1, . . . ,  6)  were  calculated 
in  the  framework  of  the  thrombocytopoiesis  model  (section  1.3).  Using  the 
found  concentrations  of  the  functional  elements,  thrombocytes,  the  biometric 
functions  v/(0,  and  pi(t)  (/=  1, . . . ,  6)  were  determined  by  formulas  3.18, 
3.19,  and  3.21-3.24.  These  functions  describe  the  mortality  dynamics  for  each 
of  the  six  subpopulations  under  the  chosen  radiation  conditions.  In  turn,  the 
values  of  these  functions  and  of  ni  served  to  calculate  the  functions  v£(0,  vvx(0, 
and  pz(0  by  formulas  4.8, 4. 13,  and  4.20.  These  functions  reproduce  mortality 
dynamics  for  the  nonhomogeneous  population  as  a  whole.  In  the  course  of 
model  studies,  parameter  K  and  the  chronic  radiation  dose  rate  N  were  varied. 


*Many  American  scientists  use  the  term  "hematopoietic  subsyndrome"  of  the  acute  radiation 
syndrome. 
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Table  4,2.  Index  of  individual  radiosensitivity  Di,-  (i  =  1 , . . . ,  6)  of  thrombocyte 
precursor  cells  for  specimens  of  six  subpopulations  constituting  the  nonhomo¬ 
geneous  population.  Normal  and  log-normal  distributions  of  animals  of  the 
initial  nonhomogeneous  population  in  the  radiosensitivity  index  Di  were 
considered.  These  distributions  have  equal  means  Di  =  2.4  Gy  and  different 
variances  V(Di).  The  parameter  k  is  defined  by  formula  4.39:  K  = 
VV(Di)/Di. 


Parameter 

Distribution 

Normal 

Log-normal 

K 

0.15 

0.3 

0.3 

1.0 

1.5 

^11 

1.566 

0.733 

1.151 

0.244 

0.107 

D\2 

1.902 

1.404 

1.536 

0.550 

0.309 

Dn 

2.235 

2.069 

2.015 

1.189 

0.846 

Z)l4 

2.566 

2.731 

2.640 

2.559 

2.300 

^15 

2.898 

3.396 

3.461 

5.509 

6.249 

£>16 

3.234 

4.067 

4.638 

12.818 

19.013 

As  in  section  3.4,  the  duration  of  the  "model  experiment"  and  the  age  of  the 
animals  at  the  onset  of  irradiation  were  1,000  days  and  100  days,  respectively. 

The  results  of  modeling  mortality  dynamics  of  the  nonhomogeneous  popula¬ 
tion  of  irradiated  and  nonirradiated  mice  for  normal  distribution  of  specimens 
in  the  radiosensitivity  index  of  the  thrombocytopoiesis  system  precursor  cells 
were  examined  first.  Figures  4.67-4.69  show  biometric  functions  pzIO.  wz(0, 
and  vz(t)  and  describe  mortality  of  nonhomogeneous  populations  of  mice  in 
the  absence  of  radiation  and  under  chronic  irradiation  with  three  different  dose 
rates  N.  Parameter  K  (formula  4.39)  in  this  calculation  is  close  to  the  maximum 
possible  for  the  distribution  type  considered  (see  section  4.2).  These  and 
similar  figures  below  show  the  functions  p(/),  w{t),  and  v(t).  They  define 
mortality  in  homogeneous  populations  of  mice  nonexposed  and  exposed  to 
chronic  radiation  at  the  same  dose  rates  as  mice  of  the  nonhomogeneous 
population.  The  radiosensitivity  index  of  the  thrombocyte  precursor  cells  for 
^ecimens  from  the  homogeneous  population  is  equal  to  the  expected  value 
D\  of  the  random  variable  D\,  which  describes  this  index  for  specimens  of  the 
initial  nonhomogeneous  population.  Figure  4.67  also  demonstrates  experi¬ 
mental  data  on  mortality  rate  dynamics  for  nonirradiated  and  irradiated  LAFi 
mice  [7]. 

Figures  4.67-4.69  reveal  that  mortality  dynamics  in  homogeneous  and  nonho¬ 
mogeneous  populations  in  the  absence  of  radiation  are  the  same.  This  could 
not  be  otherwise  because,  according  to  model  construction  conditions,  any 
differences  between  specimens  belonging  to  the  homogeneous  and  nonhomo- 
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geneous  populations  manifest  themselves  only  when  radiation  is  involved.  It 
is  important  to  note  that  model  mortality  dynamics  for  nonirradiated  mammals 
quantitatively  agree  with  experimental  data  [7]  (fig.  4.67). 

The  results  in  figures  4.67-4.69  indicate  that  allowance  in  the  model  for 
specimen  nonhomogeneity  with  respect  to  the  radiosensitivity  index  of  the 
critical  system  precursor  cells  does  not  lead  to  a  qualitative  change  in  the 
dependence  of  life  span  probability  density  and  life  span  probability  on  time 
t  at  a  constant  N  and  on  Af  at  r  =  const.  For  the  N  values  chosen,  the  biometric 
functions  calculated  within  the  framework  of  the  nonhomogeneous  and  homo¬ 
geneous  population  mortality  models  are  rather  close  at  the  quantitative  level 
also.  Yet  there  are  certain  differences  between  the  two  populations. 

Comparison  of  biometric  functions  piCO  and  p(0  (fig.  4.67)  shows  that,  with 
the  lowest  of  the  dose  rates  used  in  the  calculations,  the  mortality  model  for 
the  nonhomogeneous  population  over  the  total  time  period  considered  predicts 
higher  mortality  rates  than  the  mortality  model  for  the  homogeneous  popula¬ 
tion:  px(0  >  p(t)-  With  the  other  two  dose  rates  N  the  relationship  be¬ 
tween  pz(0  and  p(f)  is  similar  to  that  described  above  for  stage  1,  whereas  at 
stage  2  this  relationship  is  reversed:  pz(0  <  p(0-  However,  the  differences 
between  pzfr)  and  p(0  are  very  small,  so  these  functions  agree  with  experi¬ 
mental  values  of  the  mortality  rate  for  LAF{  mice  [7]. 

It  is  evident  from  figure  4.68  and  from  calculations  that,  at  stage  1  after  the 
onset  of  irradiation,  the  mortality  model  for  the  nonhomogeneous  population 
predicts  higher  life  span  probability  densities  than  the  mortality  model  for  the 
homogeneous  population:  wz(r)  >  w(r).  At  stage  2,  the  relation  between  these 
biometric  functions  is  reversed:  wz(0  <  w{t).  At  stage  3,  it  is  the  same  as  at 
stage  1 :  wz(0  >  w(t).  With  the  lowest  of  the  three  dose  rates  N,  only  the  first 
two  of  the  indicated  relation  types  between  ws(0  and  w(t)  were  obtained. 

In  accordance  with  data  above,  the  mortality  model  with  the  lowest  N  for  the 
nonhomogeneous  population  predicts  lower  survival  levels  than  the  mortality 
model  for  the  homogeneous  population:  vz(f)  <  v(0  (fig.  4.69).  At  the  other 
two  dose  rates  N,  the  same  relationship  between  vz(t)  and  v(0  is  observed  for 
most  of  the  duration  of  the  "model  experiment."  It  is  only  at  the  final  stage  that 
the  relationship  between  functions  vz(/)  and  v(r)  is  reversed:  vz(0  >  v(0. 
However,  the  difference  between  vi(0  and  v(0  is  so  small  in  absolute  value 
that  the  change  of  its  sign  does  not  affect  the  ratio  between  the  average  life 
spans  of  specimens  in  the  nonhomogeneous  and  homogeneous  populations: 
the  former  have  a  shorter  average  life  span  than  the  latter  at  each  dose  rate  N 
used.  Accordingly,  shortening  of  average  life  spans  (formula  3.25)  for  animals 
of  the  nonhomogeneous  population  is  greater  than  for  animals  of  the  homoge¬ 
neous  population.  With  dose  rates  of  0.022  Gy/day,  0.044  Gy/day,  and  0.088 
Gy/day,  the  average  life  span  shortening  for  the  nonhomogeneous  population 
is  61,  132,  and  266  days,  respectively,  and  for  the  homogeneous  population 
53,1 16,  and  250  days,  respectively. 
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Calculations  demonstrated  that  there  are  appreciable  differences  in  radiation- 
induced  mortality  of  individual  subpopulations  constituting  the  nonhomo¬ 
geneous  population.  Comparison  of  the  functions  p,(r)  (/  =  1 , . . . ,  6)  reveals 
that  with  the  dose  rates  chosen  the  mortality  rate  is  higher  at  any  time  after 
the  beginning  of  irradiation  for  the  subpopulation  with  a  lower  index  of 
radiosensitivity  of  the  thrombocytopoiesis  system  precursor  cells  (i.e.,  a  higher 
radiosensitivity  of  these  cells).  An  exception  is  the  function  pi(t)  calculated 
for  the  highest  dose  rate  N.  During  the  final  two  months  of  the  "model 
experiment"  the  function  pi(r)  was  lower  than  p2(t)  because  the  fraction  of 
surviving  animals  in  the  first  subpopulation  at  that  time  dropped  nearly  to  zero, 
thereby  reducing  function  pi (t).  For  instance,  during  continuous  irradiation  at 
N  =  0.088  Gy/day,  only  24  x  lO'^®  (24  of  10  billion)  specimens  in  the  first 
subpopulation  will  survive  to  age  t  =  1,000  days.  In  turn,  at  the  same  values 
of  N,  the  maximum  life  span  probability  density  function  wi(t)  is  higher  and 
is  achieved  earlier  at  lower  Di/.  Accordingly,  survival  at  any  time  after  onset 
of  irradiation  is  higher  in  a  subpopulation  whose  members  have  a  higher  Du 
For  example,  900  days  after  the  beginning  of  continuous  exposure  to  a  dose 
rate  of  N=  0.022  Gy/day,  the  first  and  sixth  subpopulations  have  respectively 
0.51%  and  14.39%  of  animals  surviving.  Consequently,  the  survival  of  mice 
with  the  most  radioresistant  and  the  most  radiosensitive  thrombocyte  precursor 
cells  differs  by  more  than  a  factor  of  28  after  900  days.  The  average  life  span 
shortening  for  specimens  of  these  two  subpopulations  under  these  particular 
irradiation  conditions  is  203  and  30  days,  respectively — a  quite  appreciable 
difference  of  173  days. 

Qualitatively  similar  data  were  obtained  when  modeling  nonhomogeneous 
population  mortality  at  other  values  of  K  (0  <  K  <  V3).  At  the  same  N, 
distinctions  in  the  mortality  prediction  between  nonhomogeneous  and  homo¬ 
geneous  populations,  as  well  as  between  individual  subpopulations,  are  less 
pronounced  with  a  lower  variance  V(Di),  i.e.,  with  lower  k.  This  is  illustrated 
by  the  modeling  results  presented  in  figures  4.70-4.72.  Parameter  k  in  this 
calculation  was  half  of  k  used  in  the  preceding  calculation.  The  biometric 
functions  p2(0  and  p(0,  W2:(t)  and  w(0,  and  vz(t)  and  v(0  depicted  in  the  figures 
describe  the  mortality  dynamics  for  the  nonhomogeneous  and  the  homogene¬ 
ous  populations  of  nonirradiated  mice  and  of  mice  chronically  irradiated  at 
dose  rates  equal  to  those  shown  in  figures  4.67-4.69.  Also  shown  in  figure  4.70 
are  the  mortality  rates  for  nonirradiated  and  irradiated  LAFi  mice  [7].  The 
differences  between  the  functions  ps(r)  and  p(r),  wiit)  and  ^(0,  and  vs(t)  and 
v(/)  in  figures  4.70-4.72  are  even  smaller  than  those  in  figures  4.67-4.69. 
Therefore,  functions  p2;(r)  and  p(0  are  both  consistent  with  experimental  data 
[7]  (fig.  4.70).  Accordingly,  average  life  span  shortening  values  for  the 
nonhomogeneous  and  homogeneous  populations  under  similar  irradiation 
conditions  practically  coincide.  For  instance,  at  the  above  indicated  dose  rates, 
survival  is  54  days,  120  days,  254  days  and  53  days,  116  days,  250  days, 
respectively. 

Differences  in  mortality  dynamics  between  various  subpopulations  are  also 
smaller  than  they  were  in  the  preceding  calculation.  For  example,  after  900 
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days  of  continuous  irradiation  at  =  0.022  Gy/day,  the  survival  percentage  in 
the  first  and  sixth  subpopulations  are  5.41%  and  12.48%,  respectively.  Their 
ratio,  2.3,  is  12  times  lower  than  the  similar  ratio  corresponding  to  a  parameter 
K  twice  as  large.  When  k  decreases,  so  does  the  difference  between  the  values 
of  average  life  shortening  for  different  subpopulations  at  the  same  dose  rates 
of  chronic  irradiation.  For  instance,  at  A^=  0.022  Gy/day,  the  average  life  span 
shortening  is  86  and  48  days  for  the  first  and  the  sixth  subpopulations, 
respectively.  This  time  the  difference  is  smaller  by  125  days  than  was  the  case 
in  the  preceding  calculation. 

The  modeling  results  for  log-normal  distribution  of  specimens  in  the  radiosen¬ 
sitivity  index  of  thrombocytopoietic  system  precursor  cells  are  now  examined. 
Figures  4.73-4.75  show  biometric  functions  pi(0,  wz(0,  and  vi(t)  cal^lated 
for  the  same  values  of  the  chronic  irradiation  dose  rate  N  and  the  same  Di  and 
y(Di)  (same  parameter  k)  as  were  used  to  calculate  these  functions  in  figures 
4.67-4.69.  Figures  4.73-4.75  also  show  biometric  functions  p(f),  w{t),  and  v(0 
defining  mortality  dynamics  of  the  corresponding  homogeneous  population  in 
the  absence  of  radiation  and  under  continuous  radiation  at  the  same  dose  rates. 
Figure  4.73  also  demonstrates  experimental  data  on  mortality  of  nonirradiated 
and  irradiated  LAFi  mice  [7].  Comparison  of  biometric  functions  pi(0,  wz(0, 
and  vz(0  in  figures  4.67-4.69  and  4.73-4.75  reveals  a  qualitative  and  quanti¬ 
tative  similarity  of  mortality  dynamics  of  these  two  nonhomogeneous  popu¬ 
lations  at  chosen  conditions  of  irradiation.  In  turn,  at  each  of  the  three  dose 
rates  chosen,  the  average  life  shortening  for  the  nonhomogeneous  population 
with  log-normal  distribution  practically  coincides  with  the  quantity  for  the 
nonhomogeneous  population  with  normal  distribution  and  the  same  Di  and 
F(Di).  Specifically,  calculations  for  dose  rates  0.022  Gy/day,  0.044  Gy/day, 
and  0.088  Gy/day  yield  average  life  span  shortening  of  59, 129,  and  265  days, 
respectively. 

Figures  4.76-4.78  show  the  biometric  functions  pz(0  and  p(0,  wz(0  and  w(t), 
and  vz(0  and  v{t)  describing  mortality  dynamics  for  mice  of  nonhomogeneous 
and  homogeneous  populations  in  the  absence  of  radiation  and  for  mice  exposed 
to  continuous  radiation  at  three  dose  rates  N.  Figure  4.76  also  presents 
experimental  mortality  rate  data  for  LAFi  mice  [7].  The  parameter  k  in  this 
particular  calculation  is  higher  than  in  the  preceding  calculation.  Comparison 
of  figures  4.73-4.75  and  4.76-4.78  suggests  the  following  conclusions.  At  the 
same  dose  rate,  the  differences  between  the  functions  pz(t)  and  p(0,  wz(0  and 
w(0,  and  vz(0  and  v(0  are  more  pronounced  with  higher  K,  are  particularly 
large  within  the  first  year  after  onset  of  irradiation,  and  nearly  disappear  tow ard 
the  end  of  the  "model  experiment."  Therefore,  the  differences  between  the 
function  pz(0  and  the  experimental  data  on  the  mortality  rate  for  LAF i  mice 
(which  practically  coincide  with  corresponding  values  of  the  function  p(0) 
also  diminish  with  time  (fig.  4.76).  In  turn,  as  K  increases,  the  differences  in 
average  life  span  shortening  between  the  homogeneous  and  nonhomogeneous 
populations  also  grow  under  the  same  irradiation  conditions.  For  example,  at 
a  dose  rate  of  0.022  Gy/day,  the  average  life  span  shortening  for  mice  of  a 
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homogeneous  population  and  two  nonhomogeneous  populations  is  53  days, 
59  days  (k  =  0.3)  and  1 13  days  (k  =  1.0),  respectively. 

Figures  4.79-4.96  show  the  biometric  functions  pi(t),  and  Vi(0,  (i  =  1 , . 
. . ,  6)  calculated  at  the  same  parameters  as  pi(/),  vve(0>  and  vi(0  in  figures 
4.76-4.78.  Comparison  of  the  functions  p,(r)  (/  =  1, . . . ,  6)  in  figures  4.79-4.84 
reveals  that,  at  the  chosen  dose  rates,  the  mortality  rate  is  higher  in  the 
subpopulation  with  a  lower  radiosensitivity  index  for  thrombocytopoietic 
system  precursor  cells.  The  one  exception,  as  in  the  case  considered  earlier,  is 
the  function  pi(0  calculated  for  the  highest  dose  rate.  Function  p2(0  exceeds 
pi(0  in  the  final  12  weeks  of  the  "model  experiment,"  and  function  p3(r) 
exceeds  pi(f)  in  the  final  2  weeks  of  the  "model  experiment"  (figs.  4.79-4.81) 
for  the  reason  indicated  above. 

Figures  4.85-4.90  show  that,  for  each  of  the  three  dose  rates,  wi(t)  maximums 
mcrease,  and  the  times  of  reaching  the  maximums  decrease  with  decreasing 
Du-  Accordingly,  at  any  time  after  onset  of  irradiation  at  any  of  the  dose  rates 
used  in  tte  calculations,  survival  is  lower  in  the  subpopulation  having  a  lower 
value  of  Dii. 

It  should  be  noted  that  in  this  particular  calculation  the  differences  in  mortality 
dynamics  between  subpopulations  are  quite  high  in  the  first  months  of  the 
"model  experiment"  and  diminish  toward  its  concluding  stages.  At  each  of  the 
three  dose  rates,  mortality  dynamics  of  the  sixth  subpopulation,  characterized 
by  the  highest  critical  system  radiosensitivity  index,  D\6,  is  close  to  mortality 
dynamics  for  nonirradiated  mammals  (figs.  4.84, 4.90,  and  4.96).  For  example, 
at  A  =  0.022  Gy/day,  the  average  life  span  shortening  for  the  first  and  sixth 
populations  is  494  days  and  9  days,  respectively.  Note  that  analogous  quanti¬ 
ties  survival,  calculated  for  the  same  dose  rate  and  a  lower  parameter  (k  =  0.3) 
differ  much  less  from  each  other:  122  and  26  days,  respectively. 

It  is  important  to  keep  in  mind  that  the  results  shown  in  figures  4.79-4.96  and 
similar  calculations  with  both  types  of  Di  distributions  demonstrate  a  direct 
relationship  between  variability  of  individual  radiosensitivity  of  precursor 
cells  of  the  critical  system  (bone-marrow  thrombocytopoiesis)  and  variability 
of  overall  radiosensitivity  of  the  organism.  The  latter  characteristic  is  mani¬ 
fested  in  a  higher  or  lower  probability  of  survival  to  a  certain  age  under 
conditions  of  continuous  exposure  to  low  dose  rates. 

When  parameter  K  is  higher,  distinctions  between  functions  px(r)  and  p(r), 
ws(0  and  w(0,  and  vi(0  and  v(t)  are  even  greater  (figs.  4.97-4.99).  As  K  grows 
(figs.  4.73, 4.76,  and  4.97)  so  does  the  difference  from  px(0  of  the  experimen¬ 
tal  mortality  rate  data  on  LAFi  mice  [7],  which  practically  coincide  with 
corresponding  calculated  values  of  the  mortality  rate  p(0  for  the  homogeneous 
population  of  mice. 

As  K  increases  so  does  the  difference  between  average  life  shortening  for 
specimens  from  the  nonhomogeneous  and  homogeneous  populations.  For 
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example,  at  =  0.022  Gy/day  and  K  =  1.5,  survival  is  160  and  53  days, 
respectively.  The  difference  is  greater  by  47  and  101  days  than  the  difference 
between  the  same  quantities  calculated  for  the  same  dose  rate  N  with  K  equal 
to  1.0  and  0.3,  respectively. 

In  turn,  differences  in  mortality  dynamics  of  the  subpopulations  constituting 
the  nonhomogeneous  population  also  increase  with  increasing  K.  For  example, 
with  N  =  0.022  Gy/day  and  K  =  1.5,  average  life  shortening  for  the  first 
subpopulation  is  611  days  and  for  the  sixth  subpopulation  6  days.  The 
difference  between  these  subpopulations  is  respectively  greater  by  120  and 
509  days  than  that  between  the  same  quantities  for  survival  calculated  with  K 
=  1.0  and  K  =  0.3.  These  data  demonstrate  that  continuous  irradiation  at 
relatively  low  dose  rates  can  be  very  harmful  for  specimens  whose  thrombo¬ 
cyte  precursor  cells  are  hyperradiosensitive  (table  4.2). 

In  simulating  the  bone-marrow  form  of  mortality  for  nonhomogeneous  popu¬ 
lations  a  pattern  similar  to  the  gastrointestinal  form  of  mortality  of  irradiated 
mammals  was  observed.  Similar  mortality  dynamics  for  nonhomogeneous 
populations  with  both  normal  and  log-normal  distributions  of  specimens  take 
place  at  dose  rates  N  that  decrease  as  variance  V{Dy)  of  these  distributions 
increases,  i.e.,  as  parameter  k  increases.  For  example,  during  chronic  irradia¬ 
tion  with  N  =  0.033  Gy/day  and  N  =  0.022  Gy/day,  mortality  dynamics  for 
two  nonhomogeneous  populations  with  log-normal  distribution  and  K  =  1.0 
and  1.5  are  nearly  the  same  (figs.  4.76-4.78  and  4.97-4.99).  The  average  life 
span  shortening  for  these  populations  is  also  similar:  165  and  160  days. 

The  results  of  this  model  suggest  an  important  conclusion:  as  the  scatter  in 
values  of  the  individual  radiosensitivity  index  of  the  thrombocytopoietic 
system  precursor  cells  in  a  nonhomogeneous  population  increases,  the  level 
of  prolonged  irradiation  dose  rate  that  is  dangerous  for  this  population  de¬ 
creases.  For  example,  with  chronic  irradiation  at  a  dose  rate  of  0.022  Gy/day, 
the  average  life  shortening  for  specimens  of  a  nonhomogeneous  population 
(log-normal  distribution,  k  =  1.5)  is  160  days,  or  21%  of  the  average  life  span 
for  intact  animals.  The  same  level  of  exposure  is  less  dangerous  for  a  nonho¬ 
mogeneous  population  with  smaller  scatter  in  the  values  of  the  individual 
radiosensitivity  index  (k  =  0. 1 5).  Average  life  shortening  for  such  a  population 
is  54  days,  or  7%. 


4.6.  Conclusion 


The  mathematical  model  of  mortality  dynamics  for  a  nonhomogeneous  popu¬ 
lation  of  mammals  exposed  to  radiation  described  in  this  chapter  is  based  on 
models  presented  in  preceding  chapters.  The  model  shows  the  relation  of 
statistical  biometric  functions  (mortality  rate,  life  span  probability  density,  and 
life  span  probability)  with  kinetic  and  statistical  characteristics  of  critical  body 
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systems.  The  model  considers  the  nonhomogeneity  of  specimens  for  individ¬ 
ual  radiosensitivity  of  cells  of  a  critical  system.  Two  types  of  distribution, 
normal  (Gaussian)  and  log-normal,  most  widely  encountered  in  biology,  were 
used  to  describe  the  distribution  of  specimens  in  the  population  that  is 
nonhomogeneous  with  respect  to  the  above  index. 

The  dependence  of  radiation-induced  mortality  of  the  nonhomogeneous  popu¬ 
lation  on  both  the  distribution  of  specimens  in  the  radiosensitivity  index  of 
critical  system  precursor  cells  and  on  variance,  the  most  important  parameter 
were  studied.  Various  exposure  conditions  were  simulated:  radiation  at  very 
high  doses  with  pulsed  or  constant  dose  rates,  and  prolonged  radiation  at  low 
dose  rates  where  duration  is  comparable  to  the  maximum  life  span  of  intact 
animals.  With  radiation  at  high  dose  rates  the  critical  system  was  assumed  to 
be  the  small  intestine  epithelium;  with  prolonged  radiation  at  low  dose  rates 
the  critical  system  was  assumed  to  be  the  thrombocytopoietic  system.  Mice 
were  used  in  the  modeling. 

Investigations  primarily  revealed  the  existence  of  a  direct  correlation  between 
the  variability  of  specimen  survival  in  the  nonhomogeneous  population  and 
the  variability  of  individual  radiosensitivity  of  cells  of  critical  systems.  Also 
revealed  was  that  the  probability  of  death  from  the  gastrointestinal  syndrome 
resulting  from  exposures  to  extremely  high  doses  of  radiation  at  pulsed  and 
constant  rates  increases  as  radiosensitivity  of  the  intestinal  epithelium  precur¬ 
sor  cells  increases.  In  turn,  the  probability  to  survive  to  a  certain  age  for  a 
specimen  exposed  to  prolonged  radiation  at  a  low  dose  rate  grows  as  the 
radiosensitivity  of  the  bone-marrow  thrombocyte  precursor  cells  decreases. 

It  was  established  that  the  models  of  mortality  based  on  normal  and  log-normal 
distributions  of  specimens  of  the  nonhomogeneous  population  in  the  radiosen¬ 
sitivity  index  predict,  under  identical  radiation  conditions,  rather  similar 
mortality  dynamics  if  these  distributions  have  equal  means  and  variances  and 
if  the  latter  values  are  not  high. 

It  is  shown  that  inclusion  in  the  model  of  normal  and  log-normal  distributions 
of  specimens  in  the  nonhomogeneous  population  by  the  index  of  the  radiosen¬ 
sitivity  for  the  critical  system  precursor  cells  leads  to  higher  mortality  rates 
and  lower  survival  than  could  have  been  predicted  from  the  averaged  radiosen¬ 
sitivity  index  alone.  The  differences  in  predictions  increase  as  the  variance  of 
the  individual  radiosensitivity  index  for  critical  system  precursor  cells  in  the 
nonhomogeneous  population  increases.  These  differences  are  especially  pro¬ 
nounced  when  log-normal  distribution  with  a  high  variance  value  is  used.  This 
result  of  the  modeling  is  of  high  theoretical  significance  because  it  helps  gain 
an  insight  into  the  variety  of  experimental  data  obtained  in  the  area  of  the 
Chernobyl  catastrophe. 

The  model  studies  suggest  an  important  and  practical  conclusion:  the  level  of 
doses  and  dose  rates  of  acute  and  chronic  exposures  that  present  a  certain 
danger  for  nonhomogeneous  mammalian  populations  decreases  as  the  spread 
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of  values  of  the  individual  radiosensitivity  index  for  the  critical  system 
precursor  cells  in  these  populations  increases,  i.e.,  the  greater  the  variance  of 
corresponding  distributions.  For  animals  having  hyperradiosensitive  precursor 
cells,  even  low-level  radiation  can  have  fatal  consequences.  The  results  thus 
outline  new  pathways  in  the  development  of  methods  of  radiation  risk  evalu¬ 
ation  and  in  the  strategy  of  radioprotection. 
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FIGURES 


Fig.  4.1.  Biometric  functions  p(0  and  pi(0  describing  mor¬ 
tality  rate  for  mice  of  homogeneous  (o,  □,  A)  and  nonhomo¬ 
geneous  (•,  ■,  a)  populations  (normal  distribution,  K  =  0.3) 
exposed  to  chronic  radiation. 


Fig.  4.2.  Biometric  functions  w(/)  and  wx(0  describing  life 
span  probability  density  for  mice  of  homogeneous  (o,  □,  a) 
and  nonhomogeneous  (•,  ■,  a)  populations  (normal  distribu¬ 
tion,  K  =  0.3)  exposed  to  chronic  radiation. 


Fig.  4.3.  Biometric  functions  v(t)  and  vx(/)  describing  life 
span  probability  for  mice  of  homogeneous  (o,  □,  A)  and  non¬ 
homogeneous  (•,  ■,  a)  populations  (normal  distribution,  k  = 
0.3)  exposed  to  chronic  radiation.  Symbols  o,  □,  and  A  also 
indicate  corresponding  experimental  data  on  mortality  dy¬ 
namics  [6]. 


Fig.  4.4.  Biometric  functions  p(0  and  pi(0  describing  mor¬ 
tality  rate  for  mice  of  homogeneous  (o,  □,  A)  and  nonhomo¬ 
geneous  (•,  ■,  a)  populations  (normal  distribution,  K  =  0.15) 
exposed  to  chronic  radiation. 
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Fig.  4.5.  Biometric  functions  w{t)  and  wi(0  describing  life 
span  probability  density  for  mice  of  homogeneous  (o,  □,  A) 
and  nonhomogeneous  (•,  ■,  ▲)  populations  (normal  distri¬ 
bution,  K  =  0.15)  exposed  to  chronic  radiation. 


Fig.  4.6.  Biometric  functions  v(0  and  vs(0  describing  life 
span  probability  for  mice  of  homogeneous  (o,  □,  a)  and 
nonhomogeneous  (•,  ■,  a)  populations  (normal  distribution, 
K  =  0.15)  exposed  to  chronic  radiation.  Symbols  o,  □,  and  A 
also  indicate  corresponding  experimental  data  on  mortality 
dynamics  of  mice  [6]. 


Fig.  4.7.  Biometric  functions  p(0  and  pi(0  describing  mor¬ 
tality  rate  for  mice  of  homogeneous  (o,  □,  A)  and  nonhomo¬ 
geneous  populations  (•,  ■,  a)  (log-normal  distribution,  K  = 
0.3)  exposed  to  chronic  radiation. 


Fig.  4.8.  Biometric  functions  w{t)  and  ws(0  describing  life 
span  probability  density  for  mice  of  homogeneous  (o,n,  a) 
and  nonhomogeneous  (•,  ■,  a)  populations  (log-normal  dis¬ 
tribution,  K  =  0.3)  exposed  to  chronic  radiation. 
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Fig.  4.9.  Biometric  functions  v(0  and  vz(0  describing  life 
span  probability  for  mice  of  homogeneous  (o,a,  a)  and  non¬ 
homogeneous  (•,  ■,  a)  populations  (log-normal  distribu¬ 
tion,  K= 0.3)  exposed  to  chronic  radiation.  Symbols  o,  □ ,  and 
A  also  indicate  corresponding  experimental  data  on  mortality 
[6]. 


Fig.  4.11.  Biometric  functions  w(t)  and  describing  life 
span  probability  density  for  mice  of  homogeneous  (o,  □,  A) 
and  nonhomogeneous  (•,  ■,  a)  populations  (log-normal 
distribution,  K  =  1 .0)  exposed  to  chronic  radiation. 


Fig  4.12.  Biometric  functions  v(t)  and  vs(/)  describing  life 
span  probability  for  mice  of  homogeneous  (o,D,  A)  and  non¬ 
homogeneous  (•,  ■,  a)  populations  (log-normal  distribu¬ 
tion,  K  =  1.0)  exposed  to  chronic  radiation.  Symbol  A  also 
indicates  experimental  data  on  mortality  dynamics  of  mice 
exposed  to  chronic  radiation. 


Fig.  4.10.  Biometric  functions  p(r)  and  pz(0  describing 
mortality  rate  for  mice  of  homogeneous  (o,n,  a)  and  nonho¬ 
mogeneous  (•,  ■,  a)  populations  (log-normal  distribution, 
K  =  l.O)  exposed  to  chronic  radiation. 
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Fig.  4.13.  Biometric  function  pi(0  describing  mortality  rate 
for  mice  of  the  first  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  K  =  1.0)  exposed  to 
chronic  radiation. 


Fig.  4.14.  Biometric  function  p2(0  describing  mortality  rate 
for  mice  of  the  second  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  K  =  1.0)  exposed  to 
chronic  radiation. 


Fig.  4.15.  Biometric  function  p3(0  describing  mortality  rate 
for  mice  of  the  third  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  K  =  1.0)  exposed  to 
chronic  radiation. 


Fig.  4.16.  Biometric  function  p4(0  describing  mortality  rate 
for  mice  of  the  fourth  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  k  =  1.0)  exposed  to 
chronic  radiation. 
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Fig.  4.17.  Biometric  function  p5(0  describing  mortality  rate 
for  mice  of  the  fifth  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  K  =  1.0)  exposed  to 
chronic  radiation. 


Fig.  4.18.  Biometric  function  p6(0  describing  mortality  rate 
for  mice  of  the  sixth  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  k  =  1.0)  exposed  to 
chronic  radiation. 


Fig.  4.19.  Biometric  function  w\{i)  describing  life  span  prob¬ 
ability  density  for  mice  of  the  first  subpopulation  of  the 
nonhomogeneous  population  (log-normal  distribution,  k  = 
1 .0)  exposed  to  chronic  radiation. 


Fig.  4.20.  Biometric  function  W2{t)  describing  life  span  prob¬ 
ability  density  for  mice  of  the  second  subpopulation  of  the 
nonhomogeneous  population  (log-normal  distribution,  K  = 
1 .0)  exposed  to  chronic  radiation. 
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time  after  onset  of  irradiation  (days)  time  after  onset  of  irradiation  (days) 


Fig.  4.21.  Biometric  function  w%{t)  describing  life  span  prob-  Fig.  4.23.  Biometric  function  W5{t)  describing  life  span  prob¬ 
ability  density  for  mice  of  the  third  subpopulation  of  the  ability  density  for  mice  of  the  fifth  subpopulation  of  the 

nonhomogeneous  population  (log-normal  distribution,  K  =  nonhomogeneous  population  (log-normal  distnbution,  K  - 

1 .0)  exposed  to  chronic  radiation.  1  0)  exposed  to  chronic  radiation. 


Fig.  4.22.  Biometric  function  W4(r)  describing  life  span  prob-  Fig.  4.24.  Biometric  function  W6{t)  describing  life  span  prob¬ 
ability  density  for  mice  of  the  fourth  subpopulation  of  the  ability  density  for  mice  of  the  sixth  population  of  the  nonho- 

nonhomogeneous  population  (log-normal  distribution,  K  =  mogeneous  population  (log-normal  distribution,  K  -  1.0) 

1 .0)  exposed  to  chronic  radiation.  exposed  to  chronic  radiation. 
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Fig,  4.25.  Biometric  function  vi(0  describing  life  span  prob¬ 
ability  for  mice  of  the  first  subpopulation  of  the  nonhomo¬ 
geneous  population  (log-normal  distribution,  k  =  1.0) 
exposed  to  chronic  radiation. 


Fig.  4.27.  Biometric  function  V3(0  describing  life  span  prob¬ 
ability  for  mice  of  the  third  subpopulation  of  the  nonhomo¬ 
geneous  population  (log-normal  distribution,  k  =  1.0) 
exposed  to  chronic  radiation. 


Fig,  4.26.  Biometric  function  V2{t)  describing  life  span  prob¬ 
ability  for  mice  of  the  second  subpopulation  of  the  nonhomo¬ 
geneous  population  (log-normal  distribution,  K  =  1.0)  ex¬ 
posed  to  chronic  radiation. 
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Fig.  4.28.  Biometric  function  V4(0  describing  life  span  prob¬ 
ability  for  mice  of  the  fourth  subpopulation  of  the  nonhomo¬ 
geneous  population  (log-normal  distribution,  k  =  1.0) 
exposed  to  chronic  radiation. 
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Fig.  4.29.  Biometric  function  V5(0  describing  life  span  prob¬ 
ability  for  mice  of  the  fifth  subpopulation  of  the  nonhomo- 
geneous  population  (log-normal  distribution,  K  =  1.0)  ex¬ 
posed  to  chronic  radiation. 


Fig.  4.31.  Biometric  functions  p(0  and  pi:(0  describing  mor¬ 
tality  rate  for  mice  of  homogeneous  (o,  □,  A)  and  nonhomo- 
geneous  (•,  ■,  a)  populations  (log-normal  distribution,  K  = 
1.5)  exposed  to  chronic  radiation. 
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Fig.  4.30.  Biometric  function  V6(0  describing  life  span  prob¬ 
ability  for  mice  of  the  sixth  subpopulation  of  the  nonhomo- 
geneous  population  (log-normal  distribution,  K  =  1.0) 
exposed  to  chronic  radiation. 


Fig.  4.32.  Biometric  functions  w(t)  and  wi(0  describing  life 
span  probability  density  for  mice  of  homogeneous  (o,  □,  a) 
and  nonhomogeneous  (•,  ■,  a)  populations  (log-normal  dis¬ 
tribution,  K  =  1.5)  exposed  to  chronic  radiation. 
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Fig.  4.33.  Biometric  functions  v{t)  and  vi(0  describing  life 
span  probability  for  mice  of  homogeneous  (o,  □,  a)  and 
nonhomogeneous  (•,  ■,  a)  populations  (log-normal  distribu¬ 
tion,  K  =  1.5)  exposed  to  chronic  radiation.  Symbol  □  also 
represents  experimental  data  on  mortality  dynamics  of  mice 
exposed  to  chronic  radiation  at  a  dose  rate  of  0.2  Gy/day  [6]. 


Fig.  4.34.  Biometric  functions  p(0  and  pz(0  describing  mor¬ 
tality  rate  for  mice  of  homogeneous  (o,  □,  a)  and  nonhomo¬ 
geneous  (•,  ■,  a)  populations  (normal  distribution,  k  =  0.3) 
exposed  to  acute  radiation. 


Fig.  4.35.  Biometric  functions  w(t)  and  wE(t)  describing  life 
span  probability  density  for  mice  of  homogeneous  (o,  □,  A) 
and  nonhomogeneous  (•,  ■,  a)  populations  (normal  distribu¬ 
tion,  K  =  0.3)  exposed  to  acute  radiation. 


Fig.  4.36.  Biometric  functions  v(0  and  vi(0  describing  life 
span  probability  for  mice  of  homogeneous  (o,  □,  A)  and 
nonhomogeneous  (•,  ■,  a)  populations  (normal  distribution, 
K  =  0.3)  exposed  to  acute  radiation. 


Fig.  4.37.  Biometric  functions  p(0  and  p2;(r)  describing 
mortality  rate  for  mice  of  homogeneous  (o,  n,  a)  and  nonho¬ 
mogeneous  (•,  ■,  a)  populations  (normal  distribution,  k  = 
0.15)  exposed  to  acute  radiation. 
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Fig.  4.38.  Biometric  functions  w(r)  and  wi(0  describing  life 
span  probability  density  for  mice  of  homogeneous  (o,  □,  A) 
and  nonhomogeneous  (•,  a)  populations  (normal  distribu¬ 
tion,  K  =  0. 1 5)  exposed  to  acute  radiation. 


Fig.  4.39.  Biometric  functions  v(0  and  vs(0  describing  life 
span  probability  for  mice  of  homogeneous  (o,  n,  A)  and 
nonhomogeneous  (•,  ■,  a)  populations  (normal  distribution, 
K  =  0.15)  exposed  to  acute  radiation. 


Fig.  4.40.  Biometric  functions  p(0  and  ps(r)  describing 
mortality  rate  for  mice  of  homogeneous  (o,D,  a)  and  nonho¬ 
mogeneous  (•,  ■,  a)  populations  (log-normal  distribution,  k 
=  0.3)  exposed  to  acute  radiation. 


Fig.  4.41.  Biometric  functions  w(t)  and  wi(0  describing  life 
span  probability  density  for  mice  of  homogeneous  (o,  □,  A) 
and  nonhomogeneous  (#,  ■,  a)  populations  (log-normal  dis¬ 
tribution,  K  =  0.3)  exposed  to  acute  radiation. 


Fig.  4.42.  Biometric  functions  v(0  and  vi(0  describing  life 
span  probability  for  mice  of  homogeneous  (o,  □,  a)  and 
nonhomogeneous  (•,  ■,  A)  populations  (log-normal  distribu¬ 
tion,  K  =  0.3)  exposed  to  acute  radiation. 
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Fig.  4.43.  Biometric  functions  p{t)  and  ps(0  describing 
mortality  rate  for  mice  of  homogeneous  (o,n,  A)  and  nonho¬ 
mogeneous  (•,  ■,  a)  populations  (log-normal  distribution,  K 
=  0.1)  exposed  to  acute  radiation. 


Fig.  4.46.  Biometric  function  pi(0  describing  mortality  rate 
for  mice  of  the  first  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  K  =  1 .0)  exposed  to  acute 
radiation. 


Fig,  4.44.  Biometric  functions  w{t)  and  wi{t)  describing  life 
span  probability  density  for  mice  of  homogeneous  (o,  □,  A) 
and  nonhomogeneous  (•,  ■,  a)  populations  (log-normal  dis¬ 
tribution,  K  =  1.0)  exposed  to  acute  radiation. 


Fig.  4.45.  Biometric  functions  v(/)  and  vz(t)  describing  life 
span  probability  for  mice  of  homogeneous  (o,  □,  A)  and 
nonhomogeneous  (#,  ■,  a)  populations  (normal  distribution, 
K  =  1.0)  exposed  to  acute  radiation. 


Fig.  4.47.  Biometric  function  p2(/)  describing  mortality  rate 
for  mice  of  the  second  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  k  =  1 .0)  exposed  to  acute 
radiation. 
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Fig.  4.48.  Biometric  function  p3(0  describing  mortality  rate 
for  mice  of  the  third  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  k=  1 .0)  exposed  to  acute 
radiation. 


Fig.  4.50.  Biometric  function  p5(0  describing  mortality  rate 
for  mice  of  the  fifth  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  k  =  1 .0)  exposed  to  acute 
radiation. 


Fig.  4.49.  Biometric  function  p4(r)  describing  mortality  rate 
for  mice  of  the  fourth  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  k  =  1 .0)  exposed  to  acute 
radiation. 


Fig.  4.51.  Biometric  function  p6(0  describing  mortality  rate 
for  mice  of  the  sixth  subpopulation  of  the  nonhomogeneous 
population  (log-normal  distribution,  K  =  1 .0)  exposed  to  acute 
radiation. 
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Fig.  4.52.  Biometric  function  wi(0  describing  life  span  prob¬ 
ability  density  for  mice  of  the  first  subpopulation  of  the 
nonhomogeneous  population  (log-normal  distribution,  k  = 
1 .0)  exposed  to  acute  radiation. 


Fig.  4.53.  Biometric  function  W2(0  describing  life  span  prob¬ 
ability  density  for  mice  of  the  second  subpopulation  of  the 
nonhomogeneous  population  (log-normal  distribution,  K  = 
1 .0)  exposed  to  acute  radiation. 


Fig.  4.54.  Biometric  function  W3(0  describing  life  span  prob¬ 
ability  density  for  mice  of  the  third  subpopulation  of  the 
nonhomogeneous  population  (log-normal  distribution,  K  = 
1 .0)  exposed  to  acute  radiation. 


Fig.  4.55.  Biometric  function  W4(t)  describing  life  span  prob¬ 
ability  density  for  mice  of  the  fourth  subpopulation  of  the 
nonhomogeneous  population  (log-normal  distribution,  K  = 
1 .0)  exposed  to  acute  radiation. 


time  after  irradiation  (days) 

Fig.  4.56.  Biometric  function  W5(t)  describing  life  span  prob¬ 
ability  density  for  mice  of  the  fifth  subpopulation  of  the 
nonhomogeneous  population  (log-normal  distribution,  k  = 
1 .0)  exposed  to  acute  radiation. 


109 


Chapter  4 


0.2 


0.1 


o  0.5  Gy 
□  1  Gy 
A  1.5  Gy 


0.06- 

0 


1  ^ _ I _ 1 — I — I — I — ^ — 1 — I — 6 

2  4  6  8  10  12 

time  after  irradiation  (days) 


Fig.  4.57.  Biometric  function  W6(t)  describing  life  span  prob¬ 
ability  density  for  mice  of  the  sixth  subpopulation  of  the 
nonhomogeneous  population  (log-normal  distribution,  K  = 
1.0)  exposed  to  acute  radiation. 


Fig.  4.58.  Biometric  function  vi(0  describing  life  span  prob¬ 
ability  for  mice  of  the  first  subpopulation  of  the  nonhomo¬ 
geneous  population  (log-normal  distribution,  K  =  1.0)  ex¬ 
posed  to  acute  radiation. 


Fig.  4.59.  Biometric  function  V2(t)  describing  life  span  prob¬ 
ability  for  mice  of  the  second  subpopulation  of  the  nonhomo¬ 
geneous  population  (log-normal  distribution,  k  =  10)  exposed 
to  acute  radiation. 


Fig.  4.60.  Biometric  function  V3(0  describing  life  span  prob¬ 
ability  for  mice  of  the  third  subpopulation  of  the  nonhomo¬ 
geneous  population  (log-normal  distribution,  K  =  1,0) 
exposed  to  acute  radiation. 


Fig.  4.61.  Biometric  function  V4(0  describing  life  span  prob¬ 
ability  for  mice  of  the  fourth  subpopulation  of  the  nonhomo¬ 
geneous  population  (log-normal  distribution,  k  =  1.0) 
exposed  to  acute  radiation. 
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Fig.  4.62.  Biometric  function  V5(0  describing  life  span  prob¬ 
ability  for  mice  of  the  fifth  subpopulation  of  the  nonhomo¬ 
geneous  population  (log-normal  distribution,  K  =  1.0) 
exposed  to  acute  radiation. 


Fig.  4.64.  Biometric  functions  p(r)  and  p2:(f)  describing  mor¬ 
tality  rate  for  mice  of  homogeneous  (o,  □,  A)  and  nonhomo¬ 
geneous  (•,  ■,  a)  populations  (log-normal  distribution,  K  = 
1.5)  exposed  to  acute  radiation. 


Fig.  4.63.  Biometric  function  V6(0  describing  life  span  prob¬ 
ability  for  mice  of  the  sixth  subpopulation  of  the  nonhomo¬ 
geneous  population  (log-normal  distribution,  k  =  1.0) 
exposed  to  acute  radiation. 


Fig.  4.65.  Biometric  functions  w{t)  and  describing  life 
span  probability  density  for  mice  of  homogeneous  (o,  □,  a) 
and  nonhomogeneous  (•,  ■,  a)  populations  (log-normal  dis¬ 
tribution,  K  =  1 .5)  exposed  to  acute  radiation. 
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Fig.  4.66.  Biometric  functions  v(0  and  vi(0  describing  life 
span  probability  for  mice  of  homogeneous  (o,  □,  A)  and  non- 
homogeneous  (•,  a)  poulations  (log-normal  distribution,  K 
=  1 .5)  exposed  to  acute  radiation. 


Fig.  4.67.  Biometric  functions  p(0  and  pz(0  describing 
mortality  rate  for  mice  of  homogeneous  (□,  A,  0)  and  nonho- 
mogeneous  (■,  Ay  ♦)  populations  (normal  distribution,  k  = 
0.3)  not  exposed  (o,  •)  and  exposed  to  chronic  radiation. 
Symbols  o,  □,  A,  0  indicate  corresponding  experimental  data 
on  mortality  rate  of  LAF\  mice  [7]. 


Fig.  4.68.  Biometric  functions  w(0  and  wi(0  describing  life 
span  probability  density  for  mice  of  homogeneous  (□,  A,  0) 
and  nonhomogeneous  (■,  a,a)  populations  (normal  distribu¬ 
tion,  K  =  0.3)  not  exposed  (o,  •)  and  exposed  to  chronic 
radiation. 


Fig.  4.69.  Biometric  functions  v{t)  and  vz(0  describing  life 
span  probability  for  mice  of  homogeneous  (n,  A,  0)  and 
nonhomogeneous  (■,  a,a)  populations  (normal  distribution, 
K  =  0.3)  not  exposed  (o,  •)  and  exposed  to  chronic  radiation. 
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Fig.  4.70.  Biometric  functions  p(r)  and  ps(r)  describing  mor¬ 
tality  rate  for  mice  of  homogeneous  (□,  A,  0)  and  nonhomo¬ 
geneous  (■,  A,  ♦)  population  (normal  distribution,  k  =  0.15) 
not  exposed  (o,  •)  and  exposed  to  chronic  radiation.  Sym¬ 
bols  o,  □,  A,  0  indicate  corresponding  experimental  data  on 
the  mortality  rate  of  LAF\  mice  [7]. 


Fig.  4.71.  Biometric  functions  w{t)  and  wi(r)  describing  life 
span  probability  density  for  mice  of  homogeneous  (□,  A,  0) 
and  nonhomogeneous  (■,  a,  ♦)  populations  (normal  distribu¬ 
tion,  K  =  0.15)  not  exposed  (o,  •)  and  exposed  to  chronic 
radiation. 


Fig.  4.72.  Biometric  functions  v(0  and  vi(0  describing  life 
span  probability  for  mice  of  homogeneous  (□,  A,  0)  and 
nonhomogeneous  (■,  A,  ♦)  populations  (normal  distribution, 
K  =  0.15)  not  exposed  (o,  •)  and  exposed  to  chronic  radia¬ 
tion. 


Fig.  4.73.  Biometric  functions  p(r)  and  pi(0  describing  mor¬ 
tality  rate  for  mice  of  homogeneous  (□,  A,  0)  and  nonhomo¬ 
geneous  (■,  A,  ♦)  populations  (log-normal  distribution,  K  = 
0.3)  not  exposed  (o,  •)  and  exposed  to  chronic  radiation. 
Symbols  o,  □,  A,  0  indicate  corresponding  experimental  data 
on  mortality  rate  of  LAF\  mice  [7]. 
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Fig.  4.74.  Biometric  functions  w{t)  and  wz(t)  describing  life 
span  probability  density  for  mice  of  homogeneous  (n.  A,  0) 
and  nonhomogeneous  (■,  A,  ♦)  populations  (log-normal  dis¬ 
tribution,  K  =  03)  not  exposed  (o,  •)  and  exposed  to  chronic 
radiation. 


Fig.  4.75.  Biometric  functions  v(0  and  vs(0  describing  life 
span  probability  for  mice  of  homogeneous  (n,  A,  0)  and 
nonhomogeneous  (■,  A,  ♦)  populations  (log-normal  distribu¬ 
tion,  K  =  03)  not  exposed  (o,  •)  and  exposed  to  chronic 
radiation. 


Fig.  4.76.  Biometric  functions  p(r)  and  pi(0  describing  mor¬ 
tality  rate  for  mice  of  homogeneous  (□,  A,  0)  and  nonhomo¬ 
geneous  (■,  A,  ♦)  populations  (log-normal  distribution,  K  = 
1 .0)  not  exposed  (o,  •)  and  exposed  to  chronic  radiation. 
The  symbol  A  indicates  corresponding  experimental  data  on 
mortality  rate  of  LAFi  mice  exposed  to  chronic  radiation  at 
0.022  Gy/day  [7]. 


Fig.  4.77.  Biometric  functions  w(t)  and  wz{t)  describing  life 
span  probability  density  for  mice  of  homogeneous  (n.  A,  0) 
and  nonhomogeneous  (■,  A,  ♦)  populations  (log-normal  dis¬ 
tribution,  K  =  1.0)  not  exposed  (o,  •)  and  exposed  to  chronic 
radiation. 
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Fig.  4.78.  Biometric  functions  v(0  and  vi(0  describing  life 
span  probability  for  mice  of  homogeneous  (□,  A,  0)  and  non¬ 
homogeneous  (■,  A,  ♦)  populations  (log-normal  distribution, 
K  =  1 .0)  not  exposed  (o,  •)  and  exposed  to  chronic  radiation. 


Fig.  4.80.  Biometric  function  p2(0  describing  mortality  rate 
of  the  second  subpopulation  of  nonirradiated  mice  (o)  and 
mice  exposed  to  chronic  radiation  (□,  a,  0).  Distribution  of 
specimens  of  the  initial  nonhomogeneous  population  accord¬ 
ing  to  parameter  D\  is  log-normal;  parameter  k  =  1.0. 


Fig.  4.79.  Biometric  function  pi(r)  describing  mortality  rate 
of  the  first  subpopulation  of  nonirradiated  mice  (o)  and  mice 
exposed  to  chronic  radiation  (□,  A,  0),  Distribution  of  speci¬ 
mens  of  the  initial  nonhomogeneous  population  according  to 
parameter  D\  is  log-normal;  parameter  K  =  1.0. 


Fig.  4.81.  Biometric  function  p3(0  describing  mortality  rate 
of  the  third  subpopulation  of  nonirradiated  mice  (o)  and  mice 
exposed  to  chronic  radiation  (□,  A,  0).  Distribution  of  speci¬ 
mens  of  the  initial  nonhomogeneous  population  according  to 
parameter  Di  is  log-normal;  parameter  k  =  1.0. 
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Fig.  4.82.  Biometric  function  p4(0  describing  mortality  rate 
of  the  fourth  subpopulation  of  nonirradiated  mice  (o)  and  mice 
exposed  to  chronic  radiation  (□,  A,  0).  Distribution  of  speci¬ 
mens  of  the  initial  nonhomogeneous  population  according  to 
parameter  D\  is  log-normal;  parameter  K  =  1.0. 


Fig.  4.84.  Biometric  function  p6(0  describing  mortality  rate 
of  the  sixth  population  of  nonirradiated  mice  (o)  and  mice 
exposed  to  chronic  radiation  (□,  a,  0).  Distribution  of  speci¬ 
mens  of  the  initial  nonhomogeneous  population  according  to 
parameter  D\  is  log-normal;  parameter  K  =  1.0. 


Fig.  4.83.  Biometric  function  p5(0  describing  mortality  rate 
of  the  fifth  subpopulation  of  nonirradiated  mice  (o)  and  mice 
exposed  to  chronic  radiation  (□,  A,  0).  Distribution  of  speci¬ 
mens  of  the  initial  nonhomogeneous  population  according  to 
parameter  D\  is  log-normal;  parameter  k  =  1 .0. 


Fig.  4.85.  Biometric  function  w\{t)  describing  life  span  prob¬ 
ability  density  of  the  first  subpopulation  of  nonirradiated  mice 
(o)  and  mice  exposed  to  chronic  radiation  (□,  A,  0).  Distribu¬ 
tion  of  specimens  of  the  initial  nonhomogeneous  population 
according  to  parameter  Di  is  log-normal;  parameter  k  =  1.0. 
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Fig.  4.86.  Biometric  function  W2{t)  describing  life  span  prob¬ 
ability  density  of  the  second  subpopulation  of  nonirradiated 
mice  (o)  and  mice  exposed  to  chronic  radiation  (□,  A,  0). 
Distribution  of  specimens  of  the  initial  nonhomogeneous 
population  according  to  parameter  D\  is  log-normal;  parame¬ 
ter  K  =  1  .0. 


Fig.  4.87.  Biometric  function  W3(0  describing  life  span  prob¬ 
ability  density  of  the  third  subpopulation  of  nonirradiated 
mice  (o)  and  mice  exposed  to  chronic  radiation  (□,  A,  0). 
Distribution  of  specimens  of  the  initial  nonhomogeneous 
population  according  to  parameter  Di  is  log-normal;  parame¬ 
ter  K  =  1  .0. 


Fig.  4.88.  Biometric  function  W4(0  describing  life  span  prob¬ 
ability  density  of  the  fourth  subpopulation  of  nonirradiated 
mice  (o)  and  mice  exposed  to  chronic  radiation  (o.  A,  0). 
Distribution  of  specimens  of  the  initial  nonhomogeneous 
population  according  to  parameter  Di  is  log-normal;  parame¬ 
ter  k  =  1  .0. 


Fig.  4.89.  Biometric  function  W5(t)  describing  life  span  prob¬ 
ability  density  of  the  fifth  subpopulation  of  nonirradiated 
mice  (o)  and  mice  exposed  to  chronic  radiation  (□,  A,  0). 
Distribution  of  specimens  of  the  initial  nonhomogeneous 
population  according  to  parameter  Di  is  log-normal;  parame¬ 
ter  k  =  1  .0. 
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Fig.  4.90.  Biometric  function  we(t)  describing  life  span  prob¬ 
ability  density  of  the  sixth  subpopulation  of  nonirradiated 
mice  (o)  and  mice  exposed  to  chronic  radiation  (n,  A,  0). 
Distribution  of  specimens  of  the  initial  nonhomogeneous 
population  according  to  parameter  Di  is  log-normal;  parame¬ 
ter  K  =  1  .0. 


Fig.  4.91.  Biometric  function  vi(0  describing  life  span  prob¬ 
ability  of  the  first  subpopulation  of  nonirradiated  mice  (o)  and 
mice  exposed  to  chronic  radiation  (□,  A,  0).  Distribution  of 
specimens  of  the  initial  nonhomogeneous  population  accord¬ 
ing  to  parameter  D\  is  log-normal;  parameter  K  =  1.0. 


Fig.  4.92.  Biometric  function  V2(t)  describing  life  span  prob¬ 
ability  of  the  second  subpopulation  of  nonirradiated  mice  (o) 
and  mice  exposed  to  chronic  radiation  (□,  A,  0).  Distribution 
of  specimens  of  the  initial  nonhomogeneous  population  ac¬ 
cording  to  parameter  Di  is  log-normal;  parameter  K  =  1.0. 


Fig.  4.93.  Biometric  function  V3(0  describing  life  span  prob¬ 
ability  of  the  third  subpopulation  of  nonirradiated  mice  (o) 
and  mice  exposed  to  chronic  radiation  (□,  A,  0).  Distribution 
of  specimens  of  the  initial  nonhomogeneous  population  ac¬ 
cording  to  parameter  D\  is  log-normal;  parameter  K  =  1.0. 
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4.94.  Biometric  function  V4(0  describing  life  span  probability 
of  the  fourth  subpopulation  of  nonirradiated  mice  (o)  and  mice 
exposed  to  chronic  radiation  (□,  A,  0).  Distribution  of  speci¬ 
mens  of  the  initial  nonhomogeneous  population  according  to 
parameter  D\  is  log-normal;  parameter  k  =  1.0. 


Fig.  4.95.  Biometric  function  V5(/)  describing  life  span  prob¬ 
ability  of  the  fifth  subpopulation  of  nonirradiated  mice  (o)  and 
mice  exposed  to  chronic  radiation  (□,  A,  0).  Distribution  of 
specimens  of  the  initial  nonhomogeneous  population  accord¬ 
ing  to  parameter  D\  is  log-normal;  parameter  K  =  1.0. 


Fig.  4.96.  Biometric  function  ve{t)  describing  life  span  prob¬ 
ability  of  the  sixth  subpopulation  of  nonirradiated  mice  (o) 
and  mice  exposed  to  chronic  radiation  (□,  A,  0).  Distribution 
of  specimens  of  the  initial  nonhomogeneous  population  ac¬ 
cording  to  parameter  D\  is  log-normal;  parameter  k  =  1.0. 


Fig.  4.97.  Biometric  functions  p(/)  and  p2;(/)  describing  mor¬ 
tality  rate  for  mice  of  homogeneous  (□,  A,  0)  and  nonhomo¬ 
geneous  (■,  A,  ♦)  populations  (log-normal  distribution,  K  = 
1.5)  not  exposed  (o,  •)  and  exposed  to  chronic  radiation. 
Symbol  0  indicates  corresponding  experimental  data  on  mor¬ 
tality  rate  of  LAF\  mice  exposed  to  chronic  radiation  at  0.022 
Gy/day  [7]. 
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Fig.  4.98.  Biometric  function  ^(0  and  wiit)  describing  life 
span  probability  density  for  mice  of  homogeneous  (a  A,  0) 
and  nonhomogeneous  (■,  A,  ♦)  populations  (log-normal  dis¬ 
tribution,  K  =  1 .5)  not  exposed  (o,  •)  and  exposed  to  chronic 
radiation. 


Fig.  4.99.  Biometric  functions  v(0  and  vz(t)  describing  life 
span  probability  for  mice  of  homogeneous  (□,  A,  0)  and  non¬ 
homogeneous  (■,  A,  ♦)  populations  (log-normal  distribution, 
K  =  1.5)  not  exposed  (o,  •)  and  exposed  to  chronic  radiation. 
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Abstract 


An  analysis  of  the  experimental  and  clinical  data  relating  to  species-specific  and 
individual  radiosensitivity  of  mammals,  including  humans,  is  presented.  The  analysis 
is  based  on  our  concepts  underlying  the  mortality  model.  Convincing  evidence  in 
support  of  a  correlation  between  the  radiosensitivity  of  the  body,  its  critical  systems, 
and  the  cells  making  up  the  systems  is  presented.  The  important  role  of  individual 
radiosensitivity  in  the  development  of  the  responses  of  an  individual  and  a  population 
as  a  whole  to  radiation  is  shown.  Special  attention  is  paid  to  the  analysis  of  the  responses 
to  low-dose  irradiation  of  the  cleanup  crew  who  took  part  in  the  elimination  of  the 
consequences  of  the  Chernobyl  disaster.  Additional  experimental  studies  aimed  at  the 
development  of  tests  detecting  risk  groups  are  outlined. 


CHAPTER  5 


Variability  of  the  Radiosensitivity 
of  Mammals:  Experimental 
Data 

5.1.  Introduction 


A  vast  body  of  experimental  data  on  the  different  radiosensitivity  levels  of 
normal  tissues,  organs,  and  systems  of  animals  and  humans  has  been  accumu¬ 
lated.  The  substantial  differences  found  in  the  responses  of  various  tissues  to 
irradiation  were  caused  by  their  physiological,  morphological,  and  functional 
features. 

Of  particular  interest  in  this  context  are  studies  of  the  causal  relations  between 
the  initial  changes  in  tissues  and  the  final  radiobiological  effect,  i.e.,  elucida¬ 
tion  of  the  key  links  in  a  complex  system  of  radiation  injuries  at  different  levels 
of  the  biological  organization  of  structures  and  regulatory  processes. 

An  essential  advance  in  this  field  is  understanding  that  acute  radiation  damage 
to  the  body  is  determined  by  the  injury  to  critical  cell  systems.  As  noted  in 
previous  chapters,  the  hematopoietic  and  intestinal  syndromes  caused  by 
radiation  damage  to  hematopoietic  tissue  and  the  intestinal  epithelium  deserve 
special  attention.  Both  tissues  are  self-renewing  systems.  Stem  cells  that  have 
survived  radiation  damage  to  the  body  are  the  only  sources  for  full  restoration 
of  relevant  cell  systems.  The  first  successful  attempt  at  generalizing  the  results 
of  uniform  whole-body  irradiation  by  comparing  the  cell  kinetics  of  tissues 
responsible  for  the  development  of  the  principal  radiation  syndromes  and  body 
damage  was  made  in  1965  [1].  An  analysis  and  generalization  of  the  available 
radiobiological  literature  resulted  further  in  developing  the  concept  of  cellular 
determinants  of  the  outcome  of  acute  radiation  damage  to  the  body  [2-6]. 

This  chapter  generalizes  and  analyzes  the  radiobiological  literature  and  the 
original  experimental  data  on  species-specific  and  individual  radiosensitivity 
of  mammals  and  the  relation  between  the  radiosensitivity  of  the  body,  its 
critical  systems,  and  the  constituent  cells  of  these  systems. 
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5.2.  Species-Specific  and  Individual  Radiosensitivity  of 
Mammals  and  Their  Critical  Systems 

The  damage  to  the  body  according  to  irradiation  dose  can  be  described  by  two 
functions:  effects  of  irradiation  dose  on  mortality  and  on  average  life  span  [1, 
7],  As  the  dose  increases,  the  mortality  of  animals  increases  until  it  reaches 
100%.  A  comparison  of  the  dose  dependence  of  mortality  for  different  animal 
species  makes  it  possible  to  detect  not  only  the  species-specific  features  but 
also  the  individual  variability  of  radiosensitivity.  It  is  difficult  to  compare 
reported  data  because  of  dissimilar  conditions  of  exposure  and  animal  upkeep 
in  different  laboratories  and  radiobiology  centers.  Moreover,  it  is  not  always 
clear  whether  the  detected  dissimilarities  were  due  to  species- specific  and 
individual  features  of  radiosensitivity  of  animals  or  to  differences  in  experi¬ 
mental  conditions,  such  as  radiation  type  and  energy,  dose  rate,  irradiation 
geometry,  character  of  distribution  of  the  absorbed  doses  in  the  body,  sex,  body 
weight,  age  of  animals,  etc. 

Of  much  interest  to  us  are  the  data  obtained  by  Professor  N.  G.  Darenskaya 
for  seven  animal  species  multilaterally  irradiated  under  identical  conditions  of 
a  uniform  distribution  of  absorbed  y  radiation  doses  using  an  experimental  y 
unit  EGO-2  [7].  Irradiation  under  these  conditions  revealed  differences  be¬ 
tween  the  functional  dependences  of  the  mortality  of  the  test  animals  on  the 
irradiation  dose  (fig.  5.1)*.  These  differences  are  caused  by  both  species-spe¬ 
cific  and  individual  features  of  the  radiosensitivity  of  the  animals.  It  can  be 
seen  that  the  dose-effect  dependences  thus  obtained  can  be  represented  to  a 
first  approximation  by  linear  functions.  It  is  also  noteworthy  that  the  dose-ef¬ 
fect  curves  for  mice,  rats,  and  dogs  have  a  larger  slope,  whereas  the  slope  is 
smaller  for  guinea  pigs,  rabbits,  and  sheep.  The  smallest  slope  is  peculiar  to 
the  dose-effect  curve  for  rabbits.  These  data  were  used  in  calculating  the 
damaging  dose  values,  which  made  it  possible  to  arrange  the  animal  species 
in  the  following  decreasing  order  of  radiosensitivity:  dogs,  monkeys,  pigs, 
sheep,  guinea  pigs,  rabbits,  mice,  and  rats. 

It  should  be  emphasized  that  the  slope  of  the  dose-effect  curve  represents  the 
variability  of  the  individual  radiosensitivity  of  the  animal  species.  The  larger 
the  slope  of  the  curve  (therefore  the  broader  the  dose  range  covering  the  death 
rate  of  animals  of  a  certain  species  from  0  to  100%),  the  more  distinct  are  the 
differences  in  the  individual  radiosensitivity  ^  the  particular  animal  species. 

A  comparison  of  the  LD50  values  obtained  by  Domshlak  et  al.  [8]  and  the  data 
presented  by  other  authors  (table  5.1)  points  to  some  discrepancies.  The  most 
notable  discrepancies  were  found  for  mice,  rats,  rabbits,  and  sheep,  whereas  a 
rather  good  agreement  was  observed  for  guinea  pigs,  dogs,  monkeys,  and  pigs. 


♦Figures  are  on  page  143. 
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Table  5.1.  Lethal  doses,  LD50/30-6O  (Gy),  for  different  animal  species  under 
uniform  y-irradiation. 


LD50/30-6O  (Gy) 

Species 

Darenskaya’s  data  [7] 

Bond  et  al.  data  [1] 

Mice 

5.28  (5.1  -5.45) 

6.4 

Rats 

5.9  (5.8  -  5.96) 

7.1 

Guinea  pigs 

3.6  (3.1  -4.0) 

4.5 

Rabbits 

5.3  (4.3  -  5.8) 

7.5 

Monkeys 

5.5  (4.8  -  6.2) 

6.0 

Dogs 

2.5  (2.4  -  2.6) 

2.5 

Sheep 

3.2  (1.7 -3.4) 

- 

Suckling  pigs 
(2.5  months  old) 

2.82(1.7-3.4) 

2.5 

The  second  important  feature  revealing  the  species-specific  differences  in  the 
responses  of  animals  to  irradiation  in  a  broad  dose  range  is  the  change  in  their 
average  life  span  with  irradiation  dose.  Such  dependences  were  generalized 
for  different  animals  in  references  1, 7, 9,  and  10.  For  most  animal  species,  the 
relationship  of  dose  to  the  average  life  span  is  complex. 

The  observations  [8]  of  the  manifestations  of  responses  of  experimental 
animals  irradiated  in  the  same  y  unit  within  a  broad  dose  range  (2-450  Gy) 
made  it  possible  to  obtain  the  dose  dependence  of  the  average  life  span  for  six 
mammalian  species  (fig.  5.2).  Three  specific  segments  can  be  distinguished  in 
the  dose-effect  curves  presented  in  the  figure.  The  average  life  span  in  the  first 
and  third  segments  is  dose  dependent — life  span  decreases  with  dose.  In  the 
second  segment,  the  average  life  span  is  virtually  independent  of  dose. 

The  clinical  manifestations  of  radiation  damage  caused  by  exposure  to  the 
doses  corresponding  to  the  three  segments  in  the  dose-effect  curve  are  indica¬ 
tive  of  the  development  of  different  radiation  sickness  forms.  The  first  segment 
represents  the  development  of  the  acute  or  hematopoietic  form  of  radiation 
sickness.  In  this  case,  the  dose  range  for  different  animal  species  is  3-10  Gy. 
It  should  be  noted  that  this  segment  of  the  dose-effect  curves  for  guinea  pigs, 
monkeys,  and  dogs  covers  lower  doses  than  in  the  curves  for  mice,  rats,  and 
rabbits.  These  findings  testify  to  a  higher  radiosensitivity  in  the  first  group  of 
animals. 

The  species-specific  differences  in  life  span  are  less  pronounced  in  the  second 
section  of  the  dose  curve,  which  is  a  plateau.  The  life  span  of  animals  of 
different  species  varies  within  comparatively  narrow  limits — 3  to  7  days.  The 
species-specific  differences  manifest  themselves  in  different  lengths  of  the 
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plateau,  i.e.,  in  dissimilar  values  of  the  dose  range  leading  to  development  of 
the  intestinal  form  of  radiation  sickness.  Thus,  the  plateau  extends  from  10  to 
200  Gy  in  mice,  whereas  in  monkeys  it  ranges  from  8  to  60  Gy,  and  in  dogs 
from  6  to  100  Gy.  The  LD50/3-8  for  animals  of  different  species  also  varies 
(table  5.2). 

The  species-specific  differences  in  radiosensitivity  are  exhibited  markedly  at 
the  level  of  doses  exceeding  60-200  Gy  that  lead  to  the  development  of  the 
cerebral  form  of  radiation  sickness.  These  doses  are  represented  by  the  third 
segment  of  the  dose-effect  curve  in  figure  5.2.  It  can  be  seen  that  the  highest 
radiosensitivity  in  the  development  of  this  damage  is  shown  by  monkeys, 
guinea  pigs,  and  dogs  [11-13]. 

Thus,  the  stepwise  character  of  the  dependence  of  life  span  on  irradiation  dose 
is  peculiar  to  almost  all  animal  species,  presumably  except  donkeys.  The 
dose-effect  curves  for  the  latter  animal  species  have  no  plateau.  The  three 
different  segments  of  the  dose  curve  represent  the  hematopoietic,  intestinal, 
and  cerebral  forms  of  radiation  sickness,  respectively. 

It  is  well  known  that  the  response  of  an  animal  to  irradiation  is  a  result  of  the 
interaction  of  destructive  and  repair  processes  in  many  organs  and  systems  of 
the  body;  the  extent  of  damage  is  determined  by  different  inherent  radiosen¬ 
sitivity  levels.  However,  there  are  "critical"  systems  whose  damage  is  mainly 
responsible  for  the  death  of  animals  and  for  the  development  of  certain  forms 
of  radiation  sickness  in  specific  dose  ranges.  Therefore,  each  form  of  radiation 
sickness  is  the  result  of  damage  to  one  of  the  body’ s  critical  systems  in  a  certain 
dose  range. 

The  basis  for  the  development  of  each  of  the  syndromes  above  is  the  damage 
to  different  critical  tissue  systems  possessing  dissimilar  radiosensitivities.  As 
the  dose  increases,  the  dose  threshold  of  the  injury  to  a  certain  critical  system 
is  attained;  the  physiological  features  of  the  system  and  the  peculiarity  of  its 
cell  kinetics  determine  the  time  of  the  development  of  symptoms  and  the 
specific  character  of  the  clinical  picture  of  the  particular  form  of  radiation 
sickness. 

The  critical  system  responsible  for  the  damage  in  the  dose  range  represented 
by  the  first  segment  of  the  dose  curve  is  the  hematopoietic  system.  Data 
testifying  to  the  leading  role  of  the  damage  to  the  hematopoietic  system  have 
accumulated  and  are  supported  by  data  indicating  the  possibility  of  preventing 
the  death  of  animals  by  bone  marrow  transplantation  [39-41].  As  a  result,  the 
animals  survive  after  exposure  to  lethal  doses.  The  role  of  the  hematopoietic 
system  in  the  development  of  this  form  of  radiation  sickness  is  also  evidenced 
by  the  data  [42]  on  irradiation  of  rats  whose  body  parts  containing  active  red 
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Table  5.2.  Lethal  doses  (LD50/3-8)  for  different  animal  species  under  whole- 
body  irradiation. 


Species 

Condition  of  exposure 

Dose  rate 

Radiation  type  (Gy/min) 

Lethal  dose  (Gy) 

Reference 

Mouse 

X-ray,  200  keV 

LD50/5  =  12.6 

[14] 

y-ray,  ^^Co 

6.3 

LD50/3  =  12.0 

[7] 

X-ray,  250  keV 

LD50/8  =  20.0 

[15] 

y-ray,  ^^^Cs 

0.01 

LD50/5  =  25.0 

[16] 

y-ray,  ^^Co 

0.56 

LD50/5  =  9.92 

[17] 

0.49 

LD50/5  =15.2 

[18] 

0.24 

LD50/5  =  16.83 

[18] 

Neutrons 

LD50/5  =  5.2 

[18] 

X-ray 

LD50/5  =  12.28 

[18] 

Neutrons 

LD50/5  =  3.57 

[19] 

y-ray,  ^^Co 

LD50/5  =  10.0 

[19] 

X-ray 

LD50/5  =  10.81 

[20] 

y-ray 

LD50/5  =  13.65 

[21] 

Neutrons 

LD50/5  =  2.52 

[21] 

y-ray,  4  MeV 

LD50/6=  12.77 

[21] 

Electrons,  8  MeV 

60.0 

LD50/5=13.3 

[22] 

Rat 

X-ray,  250  keV 

LD50/5  =  8.08 

[23] 

y-ray,  ^®Co 

4.7  -  6.3 

LD50/3  =  10.0 

[7] 

X-ray 

LD50/3  =  10.5 

[24] 

Mongolian 

gerbil 

X-ray 

LD50/8  =  12.0 

[25] 

Hamster 

X-ray,  200  keV 

LD50/8  =  10.0 

[23] 

X-ray,  250  keV 

LD50/6  =  20.0 

[26] 

Guinea  pig 

X-ray,  200  keV 

LD50/8  =15.0 

[27] 

y-ray,  ^Co 

4.7  -  6.3 

LD50/5  =15.0 

[7] 

LD50/5  =  15.0 

[28] 

LD50/5  =10.0 

[29] 

Monkey 

y-ray,  1.1  MeV 

0.06 

LD50/8  =  15.0 

[30] 

y-ray,  ^®Co 

4.7  -  6.3 

LD50/5  =12.0 

[7] 

y-ray,  ^^Co 

8.03 

LD50/5-6  =  20.0 

[31] 

Dog 

X-ray,  2,000  keV 

LD50/3  =  10.0 

[32] 

y-ray,  ^^Co 

4.7  -  6.3 

LD50/3  =  10.0 

[7] 

y-ray,  ^®Co 

0.06 

LD50/5  =13.0 

[33,  34] 

y-ray,  ^^Co 

LD50/3  =  10.0 

[35] 

y-ray,  0.54  MeV 

LD50/3  =12.0 

[36] 

Pig 

X-ray,  1,000  keV 

0.33 

LDioo/5  =  15.5 

[37] 

y-ray,  ^^Co 

1.0 

LDioo/5=  17.0 

[38] 
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Table  5.3.  LD50  for  rats  under  different  irradiation  conditions  [42], 


Condition 
of  exposure 

LD50(Gy) 

Part  of  bone  marrow 
shielded  (%) 

Whole  body 

4.8 

(4.5 -5.1) 

- 

Pelvis  shielded 

5,8 

(5.3 -6.3) 

15 

Chest  shielded 

6.0 

(5.5  -  6.5) 

11 

Head  shielded 

7.0 

(6.5  -  7.5) 

14 

Hind  extremity  shielded 

7.4 

(6.8  -  8.0) 

15 

bone  marrow  were  shielded  (table  5.3).  It  is  evident  that  with  8%-15%  of  the 
bone  marrow  maintained  intact,  the  LD50  value  increased  from  4.9  Gy  to  7.4 
Gy.  Of  importance  in  these  experiments  were  both  the  activity  of  the  unirra¬ 
diated  portion  of  the  bone  marrow  and  the  rate  of  migration  of  hematopoietic 
stem  cells  from  the  shielded  part  of  the  body  [43, 44]. 

The  clinical  manifestations  in  the  second  segment  of  the  dose  curve  (the 
plateau)  suggest  that  the  gastrointestinal  tract  is  affected,  consequently  intes¬ 
tinal  damage  develops.  The  critical  system  responsible  for  intestinal  damage 
is  the  small  intestine,  primarily  the  epithelium,  and  damage  to  the  stomach 
[45]  and  the  large  intestine  [46]  is  also  involved. 

The  role  of  intestinal  damage  in  developing  the  intestinal  form  of  radiation 
sickness  is  confirmed  by  data  indicating  that  irradiation  of  the  total  body, 
abdomen,  and  exposed  intestine  [50, 52-55]  resulted  in  identical  times  of  death 
and  similar  clinical  manifestations  in  animals  (table  5.4).  The  contribution  of 
the  damage  to  the  gastrointestinal  tract  on  exposure  to  doses  corresponding  to 
the  plateau  in  the  dose  curve  is  also  attested  by  experiments  with  the  abdominal 
area  shielded  [42,  50,  51].  In  this  case,  deaths  of  the  animals  on  days  3-4  as  a 
result  of  the  development  of  the  intestinal  form  of  radiation  sickness  were  not 
observed.  The  animals  died  on  days  6-8  after  irradiation  because  of  severe 
damage  to  the  bone  marrow  and  the  development  of  the  hematopoietic  form 
of  radiation  sickness.  Surgical  removal  of  the  irradiated  loops  of  the  small 
intestine  also  prevented  early  death  [56,  57]. 

The  damage  threshold  of  the  third  critical  system,  the  central  nervous  system 
(CNS),  is  attained  by  increasing  the  dose  of  whole-body  irradiation,  which 
develops  into  the  cerebral  form  of  radiation  sickness  [1, 1 1, 13, 23, 54, 58, 59]. 
The  species-specific  differences  are  particularly  evident  in  this  case.  Monkeys, 
guinea  pigs,  and  rabbits  were  found  to  be  most  vulnerable  in  this  dose  range. 
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The  role  of  CNS  damage  in  the  development  of  the  cerebral  form  of  radiation 
sickness  can  be  judged  from  such  specific  manifestations  as  the  spastic 
syndrome  and  other  neurologic  symptoms.  It  should  be  noted  that  this  form 
also  develops  after  irradiation  of  the  head  only  [60-64],  Shielding  the  head 
prevents  development  of  the  cerebral  form  of  radiation  sickness  [11,  60,  62, 
65,  66]. 

We  have  discussed  the  principal  features  of  development  of  radiation  damage 
in  different  mammalian  species  after  exposure  to  ionizing  radiation  in  a  broad 
range  of  doses  and  have  also  indicated  the  principal  forms  of  radiation  sickness 
that  develop  after  uniform  irradiation.  Wherever  possible,  we  tried  to  under¬ 
score  the  importance  of  the  individual  radiosensitivity  of  the  body.  However, 
the  individual  radiosensitivity  of  mammals  belonging  to  the  same  species 
manifests  itself  most  clearly  on  exposure  to  doses  bringing  about  transitional 
forms  of  radiation  sickness.  Two  regions  of  such  doses  are  located  at  the 
boundaries  of  the  dose  ranges  that  result  in  the  bone-marrow  and  intestinal 
forms  and  also  in  the  intestinal  and  cerebral  forms  of  radiation  sickness, 
respectively.  Because  of  different  individual  radiosensitivity  levels  of  the 
critical  systems,  different  forms  of  damage  may  develop  in  animals  exposed 
to  the  above-mentioned  dose  ranges.  Thus,  after  irradiation  in  doses  corre¬ 
sponding  to  the  first  region,  the  most  resistant  animals  die  as  a  result  of 
developing  very  grave  hematopoietic  damage.  As  the  dose  is  increased  above 
the  absolutely  minimal  lethal  level,  life  span  decreases  further.  As  this  takes 
place,  the  clinical  picture  of  the  disease  manifests  the  signs  of  intestinal 
damage  more  and  more  intensely.  A  hematopoietic-intestinal  form  of  radiation 

Table  5.4.  LD50/3  for  intestinal  form  of  radiation  sickness  of  rats  and  mice 
under  different  irradiation  conditions. 


Condition  of 

irradiation 

LD50/3  (Gy) 

Reference 

Whole  body 

9.35+0,75 

[47] 

Hind  extremity  shielded 

8.4  +  0.55 

[42] 

Head  shielded 

9.2  ±  0.6 

[42] 

Pelvis  shielded 

9.45  ±  0.3 

[42] 

Chest  shielded 

9.85  +  0.65 

[42] 

Hind  extremity 

9.45 

[47,  48] 

Whole  abdomen 

13.1  ±1.2 

[47,  48] 

Front  part  of  abdomen 

18.55  ±0.5 

[47, 48] 

Hind  part  of  abdomen 

17.6  ±  1.3 

[47,48] 

Exteriorized  intestine 

13.5 

[49,  50] 

16.2 

[51] 
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sickness  develops  in  those  animals  with  medium  radiosensitivity,  resulting  in 
death  within  the  period  between  the  limits  peculiar  to  the  hematopoietic  and 
intestinal  forms  of  radiation  sickness;  in  other  words,  transitional  or  mixed 
forms  of  radiation  damage  arise,  with  signs  of  injury  to  both  critical  systems 
simultaneously.  The  most  radiosensitive  animals  die  on  day  3  or  4  as  a  result 
of  the  intestinal  form  of  radiation  sickness. 

After  irradiation  with  doses  of  the  second  region,  animals  of  the  same  species 
also  manifest  the  development  of  other  forms  of  radiation  sickness  because  of 
the  different  radiosensitivity  levels  of  their  critical  systems:  the  intestine  and 
CNS.  Some  of  the  most  radioresistant  animals  have  the  intestinal  form  of 
radiation  sickness,  whereas  the  most  sensitive  animals  already  manifest  the 
cerebral  form.  Animals  with  medium  radiosensitivity  have  a  mixed  intestinal- 
cerebral  form  of  radiation  sickness,  with  signs  of  injuries  to  the  intestine  and 
CNS.  Death  occurs  within  1.5-2  days. 

In  cases  of  uniform  and  nonuniform  whole-body  radiation  exposures,  account 
should  be  taken  not  only  of  the  major  radiation  syndromes  resulting  from 
action  on  the  principal  critical  systems  but  also  of  the  simultaneous  effect  on 
other  tissues  and  systems,  primarily  those  with  regulatory  functions.  The 
extent  of  the  involvement  of  these  tissues  and  systems  in  the  pathological 
process  is  determined  both  by  their  radiosensitivity  and  their  dose  loads.  Thus, 
it  is  well  known  that  in  doses  leading  to  the  development  of  the  intestinal 
syndrome,  severe  damage  to  the  hematopoietic  system  occurs,  which  affects 
the  development  of  the  intestinal  syndrome  [49,  50,  67-71].  These  processes 
manifest  themselves  in  a  decrease  in  the  threshold  dose  of  the  onset  of  the 
intestinal  syndrome  on  total-body  irradiation  as  compared  with  the  dose  on 
partial  exposure  of  the  abdominal  zone. 

Thus,  the  bone  marrow  and  intestine  are  two  critical  systems  where  radiation 
injury  determines  the  development  of  the  hematopoietic  and  intestinal  forms 
of  radiation  sickness  [3,  4,  72-76].  A  direct  relation  was  found  between 
changes  in  these  critical  systems  and  the  value  of  the  absorbed  radiation 
energy.  The  death  of  animals  takes  place  against  the  background  of  the 
depletion  of  the  relevant  cell  system  and,  hence,  the  deficit  of  mature  func¬ 
tional  elements. 


5.3.  The  Cell  Factor  in  the  Development  of  Species- 
Specific  and  Individual  Radiosensitivity  of  Mammals 


Convincing  experimental  data  indicate  that  one  of  the  most  important  factors 
determining  the  radiosensitivity  of  the  critical  systems  and  therefore  of  the 
body  as  a  whole  is  the  radiosensitivity  of  the  cells  of  a  particular  critical 
system:  most  importantly,  the  stem  cells. 
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As  noted  above,  the  hematopoietic  organs  rank  among  the  most  radiosensitive 
systems  in  mammals.  Damage  to  the  bone  marrow,  thymus,  lymph  nodes,  and 
spleen  is  the  first  phase  in  developing  radiation  sickness  in  the  initial  range  of 
lethal  doses  [74-77].  The  population  of  hematopoietic  stem  cells  plays  an 
important  part  in  the  development  of  radiosensitivity  in  animals  exposed  to 
radiation  doses  that  result  in  the  hematopoietic  form  of  radiation  sickness  [1, 
43, 78-80]. 

The  survival  curves  of  the  colony-forming  stem  cells  of  the  bone  marrow  are 
usually  characterized  by  the  Dq  value  and  the  extrapolation  number  n.  Data 
on  the  radiosensitivity  of  different  colony-forming  cells  in  animals  of  different 
species  are  summarized  in  table  5.5  and  indicate  that  a  correlation  exists 
between  the  species-specific  radiosensitivity  of  hematopoietic  stem  cells  and 
the  species-specific  radiosensitivity  of  the  same  mammals  at  the  whole-body 
level  (see  figure  5.2). 

It  follows  from  table  5.5  that  the  Do  values  for  the  precursor  bone-marrow 
cells  of  the  same  type  in  animals  belonging  to  the  same  species  vary  within 
rather  broad  limits  [81,  89-91,  97, 102-104, 108, 109, 1 13, 1 15, 1 17].  The  Do 
values  of  different  specialized  hematopoietic  precursors  change  within  a  still 
wider  range:  the  granulocytic-monocytic  precursors  manifest  a  higher  resis¬ 
tance  than  the  pluripotent  hematopoietic  stem  cells.  Experiments  with  frac¬ 
tional  gamma  irradiation  also  revealed  a  higher  rate  of  postirradiation  repair 
of  CFU-GEMM  cells,  whereas  no  repair  of  CFU-C  cells  was  observed  [126]. 

The  Do  for  CFU-C  cells  was  about  1  Gy,  thus  testifying  to  a  high  radiovulner¬ 
ability  of  these  cells.  Changes  in  the  radiosensitivity  of  T-  and  S-lymphocytes 
in  the  course  of  their  differentiation  were  detected  [127].  For  the  precursors 
of  B  cells.  Do  =  0.89  Gy;  for  B  cells  at  the  differentiation  stage.  Do  =  1.25  Gy, 
and  for  the  functioning  B  cells.  Do  =  2.23  Gy.  For  the  precursors  of  T cells.  Do 
=  1.6  Gy;  for  T  cells  at  the  differentiation  stage.  Do  =  4.41  Gy;  and  for  the 
functioning  T  cells.  Do  =  10.95  Gy. 

The  character  of  the  process  of  recovery  of  the  CPU  population  after  radiation 
damage  was  similar  to  the  change  in  radiosensitivity  of  the  body  that  was 
evaluated  from  the  survival  rate  of  animals  on  repeated  radiation  exposure. 
Thorough  studies  of  the  dynamics  of  recovery  after  irradiation  showed  that 
within  the  first  24  hours  pronounced  variations  of  the  effective  dose  {Dejf) 
occurred.  A  hypothesis  was  put  forward  [128]  suggesting  that  these  variations 
represent  the  process  of  repair  of  sublethal  radiation  injuries  in  the  cells  of 
hematopoietic  tissues  and,  possibly,  the  effect  of  their  partial  synchronization. 
The  further  changes  in  Deffaie  caused  by  proliferation  of  these  cells.  These 
ideas  have  found  support  in  studies  of  the  dynamics  of  the  recovery  of  the 
CFU-C  population  after  irradiation;  the  studies  were  based  on  the  method  of 
endocolonies  [128, 129].  The  character  of  Dg^jy  changes  during  the  acute  period 
of  radiation  sickness  correlates  with  the  dynamics  of  the  number  of  CFU-C 
cells  [130-132].  Simultaneously  using  the  survival  criterion  and  the  number 
of  stem  cells,  comparison  of  the  data  obtained,  showed  that  the  recovery  of  the 
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Table  5.5.  Radiosensitivity  of  the  colony-forming  cells  of  the  bone  marrow. 


Species 

Type  of 
cells 

Type  of 
radiation 

Do  (Gy) 

n 

Reference 

Mice 

CFU-S 

y-ray 

1.0 

1. 5-2.0 

[81] 

X-ray 

0.81 

0.9 

[82] 

B6D2FiO 

y-ray. 

4.5  Gy/min 

0.9 

1 

[83] 

C57BX 

BAaB/C 

X-ray, 

1.2  Gy/min 

0.79 

1.59 

[84] 

X-ray, 

300  keV 

1.18  ±0.01 

1 

[85] 

Fast  neutrons 

0.48  ±  0.05 

1 

[85] 

CsvBa 

g-ray,  ^®Co, 

0.55  Gy/min 

0.99  ±0.04 

0.82  ±0.02 

[86] 

Neutrons 

0.55  ±  0.05 

0.73  ±  0.24 

[96] 

y-ray,  ^®Co 

0.94 

1 

[87] 

y-ray 

1.11 

1 

[88] 

y-ray 

l.ll  -  1.22 

1 

[89] 

y-ray 

1.15-1.26 

1 

[90,91] 

y-ray 

0.75 

1 

[92] 

0.08;  0.25; 

0.48  Gy/min 

BAaB/C 

g-ray,  ^Co, 

0.45  Gy/min 

1.13 

1 

[93] 

0.045  Gy/min 

0.87 

1 

[93] 

BAaB/C 

CFU-S7 

X-ray, 

300  keV 

0.79 

1 

[94] 

Neutrons 

I  MeV 

0.31 

1 

[94] 

Fi/CBAx 

C57Ba/6 

y-ray,  ^^^Cs 

0.78 

1 

[95] 

CFU-Sg 

y-ray,  ^^^Cs 

0.99  -  1.03 

1 

[96] 

CFU-Sii 

y-ray,  ‘^^Cs 

1.25  ±  0.08 

1 

[95] 

CFU-S12 

y-ray,  ‘^^Cs 

1.13-1.16 

1 

[96] 

X-ray, 

300  keV 

0.95 

1 

[94] 

Neutrons, 

1  MeV 

0.36 

1 

[94] 

CFU^GM 

y-ray 

1.79 

0.94 

[81] 

1.6 -2.4 

0.6- 1.0 

y-ray 

1.28 

1 

[97] 

X-ray 

1.57 

1.1 

[82] 

y-ray 

1.19±0.13 

0.74  ±  0.47 

[98] 

Continued  on  next  page. 
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Table  5,5.  Radiosensitivity  of  the  colony-forming  cells  of  the  bone  marrow 
(continued). 


Type  of 

Type  of 

Species  cells 

radiation 

Dq  (Gy) 

n 

Reference 

CFU-GM 

y-ray, 

5.4  Gy/min 
y-ray, 

0.9 

2-3 

[99] 

4.4  Gy/min 

0.91-1.08 

1 

[100] 

Acute 

0.42-1.14 

1 

[101] 

Fractional 

0.72-0.94 

1 

[101] 

Acute 

1.57-1.97 

1 

[89] 

Acute 

1.04  ±0.07 

1 

[102] 

Radiosensitive 

y-ray 

0.1 -0.5 

1 

[90,  91] 

Radioresistant 

y-ray 

1.15-1.26 

1 

[90,91] 

y-ray, 

y-ray,  ^®Co, 

1.03-1.18 

1 

[103] 

0.45-0.83 

Gy/min 

1.10-1.30 

1-1.2 

[104] 

X-ray, 

300  keV 

0.72  ±0.17 

2.47  ±  0.28 

[105] 

y-ray, 

^^Co,  ‘37cs 

0.91  ±0.24 

2.47  ±  0.28 

[105] 

Neutrons 

0.63  ±0.22 

1.34  ±0.16 

[105] 

0.78  ±0.21 

1.34  ±0.16 

[105] 

9-day-old  mice  CFU-GM 

1.15  ±0.01 

1.34  ±0.16 

[105] 

90-day-old  mice 

0.72  ±  0.07 

1.34±0.16 

[106] 

y-ray 

0.89 

1 

[107] 

CFU-DC 

y-ray 

1.37-1.97 

1.0-1.2 

[81] 

y-ray 

1.31-1.35 

1.4 

[108, 109] 

y-ray,  ^^Co 
Neutrons, 

0.93 

1 

[110] 

0.85  MeV 

0.4  ±  0.03 

0.7 

[110] 

Neutrons, 

0.35  MeV 

0.25  ±  0.02 

0.7 

[110] 

CFU-DCbm 

1.2 

1.8 

[111] 

CFU-DCs 

1.2 

2.0 

[111] 

CFU-Er 

X-ray 

0.68 

0.9 

[82] 

CFU-Er 

X-ray 

0.74 

1.8 

[81] 

X-ray 

0.53 

0.8 

[82] 

CFU-M 

X-ray 

1.2-1.3 

1 

[97,  102] 

CFU-K 

y-ray 

2.01  ±0.01 

0.51  ±0.008 

[86] 

Neutrons 

0.80  ±0.01 

0.95  ±  0.042 

[86] 

y-ray 

1.6 

[112] 

Continued  on  next  page. 
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Table  5.5.  Radiosensitivity  of  the  colony-forming  cells  of  the  bone  marrow 
(continued). 


Species 


Rats 


Guinea  pigs 


Monkeys 


Dogs 


Type  of 
cells 

Type  of 
radiation 

Do  (Gy) 

n 

Reference 

CFU-F 

y-ray,  *^^Cs, 

4.5  Gy/min 

1.7 

1 

[83] 

X-ray, 

200  keV 

245-2.3 

1.2- 1.6 

[113] 

X-ray 

1.64 

0.2 

[114] 

Neutrons 

1.36 

1.0 

[114] 

CFU-GM 

y-ray, 

0.94-0.97 

4. 1-5.2 

[115] 

CFU-F 

y-ray,  ^®Co 

Type  of 

colonies: 

mixed 

1.87 

1.4 

[116] 

solid 

0.65 

6.7 

[116] 

crumbly 

4.27 

1.0 

[116] 

1.67-1.79 

1 

[117] 

mixed 

1.79 

1 

[118] 

solid 

1.24 

1 

[118] 

crumbly 

2.09 

1 

[118] 

CFU-F 

mixed 

y-ray, 

2.0  Gy/min 

1.22-1.28 

2.5-3.5 

[119] 

solid 

1.41 

1.0 

[120,  121] 

crumbly 

2.39 

1.0 

[120,  121] 

CFU-GM 

X-ray, 

1.1 

1 

[122] 

6MeV 

0.9- 1.6 

1 

[122] 

X-ray, 

300  keV 

0.6 

1 

[122] 

CFU-GM 

y-ray 

0.64 

0.59-0.70 

0.98 

(0.8-1. 1) 

[81] 

[81] 

X-ray 

Blood 

0.25  ±0.26 

1 

[123] 

Bone  marrow 

0.60  ±0.02 

1 

[123] 

X-ray, 

0.56  Gy/min 

0.61 

1 

[124] 

y-ray, 

1.20  Gy/min 

0.70 

1 

[125] 

Continued  on  next  page. 
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Table  5.5.  Radiosensitivity  of  the  colony-forming  cells  of  the  bone  marrow 
(continued). 


Type  of 

Species  cells 

Type  of 
radiation 

Do  (Gy) 

n 

Reference 

BFU-Er 

X-ray 

0.15  ±0.002 

1 

[123] 

CFU-DC 

y-ray 

1.44±0.15 

0.8 

[124] 

CFU-F 

X-ray 

4.68  ±  0.36 

0.8 

[121] 

2.41+0.38 

1 

[125] 

2.61  ±0.4 

1 

[125] 

CFU-S  “  CFU  settling  and  growing  in  spleen 
CFU-GM  -  CFU  granulocyte-macrophage  type 
CFU-DC  -  CFU  giving  colonies  in  diffusion  chambers 
BFU-Er  -  erythrocyte  burst-forming  units 
CFU-Er  -  CFU  giving  small  erythrocyte  colonies 
CFU-M  -  CFU  giving  colonies  of  megakaryocytes 
CFU-C  -  CFU  forming  colonies  in  cultures  on  agar 

CFU-F  -  CFU  forming  colonies  of  fibroblasts  in  monolayer  cultures  in  the  bone  marrow 


body  after  irradiation  with  sublethal  doses  has  three  characteristic  stages  [133]. 
Several  schemes  describing  the  dynamics  of  radiosensitivity  assessed  from  the 
response  to  repeated  exposures  have  been  proposed  by  now  [134,  135]. 
Noteworthy  is  the  scheme  [133,136]  according  to  which  the  first  stage  of  body 
recovery,  lasting  about  24  hours,  involves  the  recovery  of  bone  marrow  cells 
after  sublethal  injuries  and  activation  of  the  resting  part  of  this  population.  In 
the  course  of  the  second  stage,  the  pool  of  stem  cells  reaches  or  exceeds  the 
normal  level  through  repopulation.  As  a  result,  the  radiosensitivity  of  the  body 
recovers  completely.  Finally,  damping  oscillations  of  the  number  of  stem  cells 
about  the  normal  level  and,  consequently,  the  corresponding  variations  of 
radiosensitivity  of  the  body  as  a  whole  occur  at  the  third  stage  of  the  recovery 
process. 

It  should  be  emphasized  that  the  repair  dynamics  studied  in  detail  on  rodents 
is  also  peculiar  to  other  mammalian  species:  rabbits,  pigs,  dogs,  sheep, 
donkeys,  monkeys,  and  presumably  man  [1, 134, 137-142]. 

The  experiments  [143]  that  have  revealed  a  relationship  between  the  number 
of  hematopoietic  stem  cells  and  the  individual  radiosensitivity  of  animals 
deserve  attention.  It  has  also  been  noted  that  under  the  conditions  of  he¬ 
matopoiesis  stimulation  by  fasting,  hemorrhage,  or  low  atmospheric  pressure, 
lower  levels  of  radiosensitivity  are  manifested  by  animals  possessing  a  higher 
hematopoietic  activity  [144]. 

Of  special  interest  are  studies  of  the  role  of  sulfhydryl  (SH)  groups  in 
characterizing  of  the  individual  radiosensitivity  of  the  body  [145,  146].  Five 
days  before  whole-body  X-irradiation,  the  rear  extremity  of  the  rat  was 
removed  surgically,  and  the  concentration  of  SH  groups  in  the  bone  marrow 
was  determined.  This  operation  did  not  affect  to  any  appreciable  extent  the 
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viability  or  radiosensitivity  of  the  animals.  For  the  purpose  of  quantitative 
analysis  of  the  result,  the  rats  were  ranked  according  to  the  level  of  SH  groups 
in  bone  marrow  cells  for  each  of  the  doses  used  (500-900  roentgen).  Individual 
data  on  the  level  of  SH  groups  were  divided  according  to  the  median  of  the 
variation  series  into  two  parts:  minus  and  plus  groups.  The  LD50/30  values 
calculated  from  the  data  obtained  for  the  two  groups  of  the  animals  were  559 
±  28  roentgen  and  685  ±  30  roentgen.  Thus,  the  existence  of  a  correlation 
between  the  radiosensitivity  of  hematopoietic  cells  and  the  individual  ra¬ 
diosensitivity  of  the  body  was  first  proved  in  a  direct  experiment. 

The  therapeutic  effect  of  transplantation  of  syngeneic  bone  marrow  and  tissues 
of  other  hematopoietic  organs  to  lethally  irradiated  animals  depends  mostly 
on  the  concentration  of  stem-type  cells  in  the  inoculates  [  147].  The  therapeutic 
effect  of  peritoneal  exudate  cells  or  the  leukocytic  mass  isolated  from  periph¬ 
eral  blood  also  correlates  well  with  the  concentration  of  CFU-C  cells  in  them 
[148].  The  therapeutic  effect  of  irradiated  bone  marrow  depends  fully  on  the 
CFU-C  level  [149,  150].  CFU-C  concentrates,  prepared  by  centrifuging, 
enabled  morphological  characterization  of  the  assumed  pluripotent  stem  cells 
of  mice,  monkeys,  and  man;  their  high  therapeutic  efficiency  was  demon¬ 
strated  [151,  152]. 

A  comparison  of  the  character  of  the  damage  caused  by  nonuniform  and 
uniform  animal  body  irradiation  showed  that  similar  damage  to  the  pool  of 
hematopoietic  stem  cells  led  to  an  identical  decrease  in  survival  of  animals  in 
both  groups  [48, 153, 154]. 

An  analysis  of  the  data  on  the  effect  of  different  radioprotectors  on  the  survival 
of  animals  and  on  the  extent  of  damage  to  hematopoietic  stem  cells  indicated 
that  both  the  damage  to  the  pool  of  stem  cells  and  the  death  rate  of  animals 
decreased  to  an  equal  extent  [155-158]. 

The  existence  of  a  correlation  between  the  radiosensitivity  of  cells  of  the 
hematopoietic  tissue  and  the  radiosensitivity  of  the  body  on  exposure  to 
radiation  within  a  certain  dose  range  is  shown  by  many  experimental  studies 
in  which  the  criteria  characterizing  the  condition  of  the  hematopoietic  system 
were  used  to  predict  the  radiosensitivity  of  the  body  [159]. 

Thus,  the  data  presented  above  testify  to  a  correlation  between  the  functional 
activity  of  the  hematopoietic  tissue  and  the  response  of  the  body  to  radiation. 

Such  correlations  were  revealed  in  the  analysis  of  the  dynamics  of  the  intestinal 
form  of  radiation  sickness  and  the  dynamics  of  the  pool  of  stem  cells  of  the 
intestinal  epithelium  [133, 160, 161].  The  technique  of  microcolonies  was  used 
for  quantitative  description  of  the  radiosensitivity  of  these  stem  cells  [162, 
163].  It  is  now  possible  to  consider  the  damage  to  stem  cells  of  the  intestinal 
epithelium  as  the  determining  factor  in  the  death  of  an  animal  with  the 
intestinal  form  of  radiation  sickness.  These  data  corroborate  the  role  of  the 
intestine  as  the  critical  system  in  this  form  of  damage  [3,  141,  164,  165],  It 
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Table  5.6.  Radiosensitivity  of  the  colony-forming  cells  of  the  intestinal 
epithelium. 


Type  of 

Type  of 

Species 

cells 

radiation 

Do  (Gy) 

n 

Reference 

Mice 

Stem  cells 

[155, 162, 

of  intestine 

y-ray 

1.0- 1.3 

15-50 

163, 

160-168] 

CBA 

y-ray,  ^®Co, 

0.31  Gy/min 

1.82  +  0.3 

1 

[169] 

CBAXC57B/6 

y-ray,  ^^Co, 

0.31  Gy/min 

1.45  ±0.14 

1 

[169] 

y-ray,  ^Co 

1.08-1.09 

1 

[170] 

LAFi 

'^He  ions 

LTE  keV/jLim, 

1.5 

1.97 

1 

[171] 

2.0 

2.01 

1 

[171] 

10.0 

1.82 

1 

[171] 

X-ray 

1.58 

1 

[171] 

Hot/JCR 

X-ray, 

250  keV, 

0.6  Gy/min 

3.3 

1 

[172] 

X-ray 

1.25 

1 

[173] 

C3H 

X-ray 

Neutrons, 

1.61 

6.86 

[174] 

6MeV 

0.82 

1.47 

[174] 

Electrons, 

7MeV 

1.25 

5.22 

[174] 

C3H 

X-ray, 

200  keV, 

2.62  Gy/min 
Neutrons, 

1.0 

10 

[175] 

2MeV, 

0.92  Gy/min 
y-ray,  ^®Co, 

0.7 

1.0 

[175] 

0.89  Gy/min 

3.75 

I 

[176] 

y-ray,  ‘^^Cs 

1.85 

8.43 

[177] 

Hybrids 

X-ray, 

200  keV, 

1.3  Gy/min 
y-ray, 

1.07-1.09 

58 

[163] 

1.02  Gy/min 

1.09 

55 

[178] 

Continued  on  next  page. 
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Table  5.6.  Radiosensitivity  of  the  colony-forming  cells  of  the  intestinal 
epithelium  (continued). 


Species 

Type  of 
cells 

Type  of 
radiation 

Z)o(Gy) 

n 

Reference 

Rats 

Monolayer 

culture 

X-ray, 

1.8  Gy/min 
X-ray 

0.2-5.0 

1.1 

1 

1 

[179] 

[180] 

Epithelial 
stem  cells  of 

removed 

intestine 

X-ray 

1. 8-2.4 

1 

[181] 

Hamsters 

X-ray 

1.4 

1 

[180] 

Gophers 

Awake 

Stem  cells 

X-ray 

1.33  ±0.12 

1 

[182] 

Hibernating 
or  the  first 

hour  after 
waking 

X-ray 

4.87  ±  0.92 

1 

[182] 

should  be  noted  that  the  experimental  Do  values  for  the  stem  cells  of  the 
intestinal  epithelium  of  animals  of  one  species  and  of  animals  of  different 
species  vary  within  rather  broad  limits  in  different  studies  [155,  162,  163, 
166-184]  (table  5.6).  As  with  CFU-C  cells,  the  effect  on  stem  cells  of  the 
intestine  depends  on  the  dose  rate  [185],  oxygen  [186,  187],  radioprotection, 
and  radiosensitization  [155, 188, 189]. 

A  comparison  of  the  dynamics  of  residual  damage  in  the  intestinal  syndrome 
by  the  method  of  repeated  LD50/7  exposures  [133]  with  the  dynamics  of  the 
number  of  stem  cells  in  the  crypts  of  the  small  intestine  [184]  revealed  a  strict 
correlation  between  the  variations  in  the  radiosensitivity  of  the  body  and  the 
changes  in  the  number  of  stem  cells  in  the  intestinal  epithelium.  This  correla¬ 
tion  is  similar  to  that  observed  for  CFU-C  cells  [167,  168].  A  small  number 
of  highly  radiosensitive  cells  (Do  =  0.1  Gy)  was  found  among  the  crypt-base 
cells,  just  as  in  bone  marrow  stem  cells.  It  is  possible  that  hyperradiosensitivity 
of  the  former  cells  is  due  to  a  certain  stage  of  the  cell  cycle  [190].  These  data 
thus  point  to  a  correlation  between  the  condition  of  the  pool  of  stem  cells  in 
the  crypts  of  the  small  intestine  and  the  survival  of  the  body  on  exposure  to 
radiation  in  doses  leading  to  the  development  of  the  intestinal  form  of  radiation 
sickness. 

With  different  forms  of  damage  the  responses  of  the  critical  systems  to 
irradiation  do  have  common  features.  Thus,  RBE  coefficients  of  different 
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radiation  types  correspond  with  the  criteria  of  the  hematopoietic  and  the 
intestinal  forms  of  radiation  sickness  and  the  survival  of  corresponding  stem 
cells  [190-197].  The  radiosensitivity  of  the  body  on  exposure  to  radiation  in 
doses  leading  to  the  development  of  the  hematopoietic  and  intestinal  forms  of 
radiation  sickness  can  also  be  judged  from  the  LD50/30  and  LD50/4  values  for 
mice  exposed  to  gamma  and  neutron  radiation  [191].  These  values  were  6.6 
and  10.8  Gy  for  gamma  irradiation  and  2.3  and  2.9  Gy  for  neutron  irradiation. 
The  RBE  coefficients  on  exposure  to  high-LET  radiation  in  the  intestinal  form 
of  radiation  damage  and  the  RBE  coefficients  for  the  hematopoietic  form  were 
3.8  and  2.5,  respectively  [191-193, 195,  198]. 

Deaths  of  animals  that  involve  damage  to  stem-type  cells  in  the  hematopoietic 
system  correlate  with  deaths  of  animals  that  involve  damage  to  stem-type  cells 
in  the  intestinal  system.  The  dose  rate  effect  provides  additional  evidence  for 
the  validity  of  a  correlation.  It  was  shown  that  the  change  in  the  survival  of 
animals  depends  completely  on  weakening  the  damage  to  stem  cells  in  relevant 
cell  systems  at  lower  dose  rates  [134,  199-203].  It  is  noteworthy  that  on 
exposure  to  high-LET  radiation  with  irradiation  time  not  exceeding  24  hours, 
no  dose  rate  effect  was  found  as  determined  from  mortality  criteria  [204, 205] 
nor  from  CFU-C  cell  survival  criteria  [194-206]. 

Different  radiosensitivities  of  the  critical  systems  manifested  themselves  in 
the  analysis  of  threshold  dose  rates  that  led  to  the  development  of  various  forms 
of  radiation  sickness.  Thus,  the  threshold  or  critical  dose  rates  for  the  devel¬ 
opment  of  the  hematopoietic,  intestinal,  and  cerebral  forms  of  radiation 
sickness  are  0.06-0.07  roentgen/min,  0.6-0.8  roentgen/min,  and  15-20  roent- 
gen/min,  respectively  [207, 208]. 

An  evaluation  of  the  damage  to  stem  cells  on  exposure  to  ionizing  radiation 
within  the  lethal  dose  range  LDio  -  LD90  in  both  critical  systems  showed  that 
the  survival  of  stem  cells  in  each  system  is  10‘3-10'2  [3,  209,  210].  The 
existence  of  the  dependence  between  the  level  of  stem  cells  that  have  retained 
their  viability  in  the  critical  systems  and  the  survival  rate  of  animals  after 
irradiation  within  a  sufficiently  broad  range  of  doses  is  indicative  of  the 
stability  of  the  initial  proliferation  rate  of  stem  cells  of  the  critical  systems  of 
the  irradiated  body.  This  rate  appears  to  be  almost  independent  of  exposure 
dose  or  other  factors  [3,  210, 211]. 


5.4.  Conclusion 


Experimental  data  dealing  with  the  species-specific  and  individual  radiosen¬ 
sitivity  of  mammals  and  the  relationship  between  the  radiosensitivity  of  the 
body,  its  critical  systems,  and  constituent  cells  have  been  analyzed  in  this 
chapter.  The  experimental  material  supports  the  validity  of  the  models  devel¬ 
oped  in  chapters  1-4  of  this  report.  This  material  also  points  to  the  possibility 
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of  using  the  models  to  predict  the  effect  of  ionizing  radiation  on  the  population 
death  rate  not  only  of  small  laboratory  animals  but  also  of  large  mammals, 
including  man. 

The  material  presented  in  this  chapter  also  makes  it  possible  to  outline  the 
direction  of  further  experimental  studies  aimed  at  comparing  the  radiosensi¬ 
tivity  of  critical  systems  with  that  of  the  whole  body  for  different  forms  of 
radiation  sickness.  The  need  for  gathering  experimental  data  on  the  mutual 
influence  of  damage  to  the  critical  systems  should  be  emphasized  once  more. 
These  data  will  be  of  much  importance  in  understanding  the  pathogenesis  of 
radiation  sickness  for  different  types  of  radiation  exposure  and,  hence,  in 
predicting  courses  and  outcomes. 

Determining  the  radiosensitivity  of  stem  cells  of  the  critical  systems  of  man 
involves  certain  difficulties,  and  it  would  be  wise  to  determine  in  parallel 
loading  tests  the  initial  functional  state  of  the  critical  system  and  its  signifi¬ 
cance  in  the  development  of  the  initial  individual  radiosensitivity  of  the  body. 
Already  available  are  some  data  on  forecasting  individual  radiosensitivity 
from  the  characteristics  of  the  initial  functional  state  of  critical  and  regulatory 
systems  and  also  on  evaluating  initial  reactivity  from  the  response  to  prelim¬ 
inary  non-radiation  influences  [8,  212-215].  A  continuation  of  these  studies 
would  confirm  the  approaches  and  direct  ways  to  assess  individual  risk. 
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FIGURES 


Fig.  5.1.  The  dose  dependence  of  the  mortality  for  different 
animals.  The  abscissa:  the  dose  in  Gy;  the  ordinate:  the 
mortality  (probit). 


Fig.  5.2.  The  dose  dependence  of  the  average  life-span  for 
different  animals.  The  abscissa:  the  dose  in  Gy;  the  ordinate: 
the  life  span  in  days. 
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Variability  of  the  Radiosensitivity 
of  Mammals:  Clinical  Data 


6. 1.  Introduction 


It  is  well  known  that  individuals  manifest  a  strong  variation  in  both  the 
characteristics  of  the  initial  condition  and  in  the  sensitivity  to  the  damaging 
effects  of  different  environmental  factors.  However,  even  now,  regardless  of 
the  general  biological  importance  of  this  problem,  the  knowledge  of  individual 
variability  is  fragmentary.  Only  a  few  generalizations  of  the  problem  have 
been  reported  [1-4]  because  of  the  intense  labor  and  diversity  of  methods  that 
must  be  used  to  evaluate  individual  variability  in  population  studies. 

Data  on  individual  sensitivity  to  ionizing  radiation  are  also  available.  The 
individual  differences  in  the  responses  of  animals  of  different  species  and  of 
man  to  acute  radiation  effects  in  lethal  doses  have  been  covered  rather 
extensively  [5-14].  Approaches  to  forecasting  individual  responses  to  acute 
radiation  effects  have  also  been  outlined  [5,  8,  10, 15-28]. 

Recently,  radiobiology  researchers  have  paid  more  attention  to  the  responses 
of  the  human  body  to  ionizing  radiation  in  low  doses.  This  attention  is  due  to 
the  contact  that  people  have  with  ionizing  radiation  in  low  doses  as  part  of 
their  professional  activities  in  the  use  and  development  of  nuclear  technolo¬ 
gies,  medical  applications,  exposure  to  radiation  at  nuclear  power  stations  and 
nuclear  testing  grounds,  and  finally,  in  emergency  situations  at  nuclear  power 
units.  The  number  of  studies  on  the  effects  of  radiation  in  low  doses  has 
therefore  increased  in  recent  years.  The  health  of  individuals  working  with 
ionizing  radiation  sources  (roentgenologists,  radiologists,  nuclear  reactor  per¬ 
sonnel,  employees  at  nuclear  power  stations  and  radiochemical  plants,  etc.) 
and  of  the  population  living  in  contaminated  areas  has  been  explored  thor¬ 
oughly.  In  the  course  of  such  studies  virtually  no  attention  has  been  paid  to  the 
role  of  individual  radiosensitivity  in  the  late  response  of  the  body  to  irradiation 
in  low  doses  although  individual  features  of  the  development  of  delayed  effects 
are  quite  clearly  detected  [29,  30]. 
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This  chapter  is  dedicated  to  the  generalization  and  analysis  of  clinical  data  on 
the  effect  of  ionizing  radiation  in  low  doses  on  human  health.  Special  attention 
is  drawn  to  the  data  obtained  in  examinations  of  those  individuals  who  had 
been  engaged  in  eliminating  the  consequences  of  the  Chernobyl  disaster:  "the 
cleanup  crew".  The  analysis  was  based  on  the  variability  of  individual  ra¬ 
diosensitivity  of  the  body,  the  principal  concept  of  the  mortality  model 
developed  in  chapter  4  of  this  report. 


6.2.  Effect  of  Man’s  Individual  Radiosensitivity  in  the 
Development  of  Different  Radiation  Syndromes 


The  evaluation  of  individual  radiosensitivity  to  low  doses  involves  a  number 
of  problems  because  the  contribution  of  other  nonradiation  factors  grows 
under  these  conditions.  It  was  very  difficult  to  recognize  the  radiation  factor 
against  the  background  of  combined  effects.  In  experimental  conditions, 
however,  the  individual  differences  in  responses  to  irradiation  with  0.25-1.0 
Gy  doses  can  be  detected  clearly  [31] . 

Various  indicators  of  the  physical  condition  are  used  to  characterize  changes 
occurring  in  the  human  body  on  exposure  to  radiation  in  the  low  dose  range: 
morbidity;  biochemical,  immunological,  hematological,  and  physiological 
parameters;  and  the  frequency  and  character  of  chromosomal  aberrations. 
However,  it  is  hard  to  obtain  all  these  parameters  in  mass  examinations 
because  of  the  large  volume  of  work  involved.  The  lack  of  information  on 
irradiation  doses  below  50  cGy  is  also  noteworthy.  The  25-cGy  level  was 
established  as  the  maximum  permissible  dose  for  individuals  recruited  to 
participate  in  eliminating  the  consequences  of  the  Chernobyl  disaster.  This 
dose  is  equal  to  the  maximum  permissible  emergency  dose  for  workers  dealing 
with  ionizing  radiation  sources  [32,  33]. 

Medical  surveys  of  the  staffs  of  nuclear  submarines,  cosmonauts,  roentgenolo¬ 
gists,  radiologists,  operators  of  gamma-ray  testing  equipment,  and  personnel 
of  nuclear  power  units  and  radiochemical  plants  do  provide  information  on  the 
effect  of  long-term  exposure  to  ionizing  radiation  in  low  doses  on  the  health 
of  man.  All  these  individuals  experience  long-term  low-dose  exposures  to 
ionizing  radiation  in  the  course  of  their  professional  activities.  Also  available 
are  the  results  of  medical  examinations  of  persons  subjected  to  low-dose 
radiation  during  their  residence  in  contaminated  areas  or  in  the  course  of 
eliminating  the  consequences  of  failures  at  nuclear  reactors.  There  are  many 
publications  on  the  results  of  monitoring  the  physical  condition  of  the  Japanese 
affected  by  the  explosions  of  nuclear  bombs  in  Hiroshima  and  Nagasaki 
[34-41]. 

The  major  portion  of  the  relatively  few  studies  on  the  individual  radiosensi¬ 
tivity  of  man  was  initially  performed  on  patients  with  rare  hereditary  diseases 
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[42-44].  However,  it  soon  became  clear  that  the  question  of  the  individual 
radiosensitivity  of  man  is  also  of  importance  for  the  whole  population. 

Published  data  on  the  different  radiosensitivities  of  individuals  that  were 
revealed  in  the  course  of  radiation  therapy  deserve  special  attention  [45-47]. 
Unfortunately,  only  a  few  publications  sufficiently  report  the  large  numbers 
of  data  that  are  required  to  reveal  the  individual  features  of  the  responses.  One 
paper  [48]  presents  interesting  data  concerning  the  responses  of  263  patients 
subjected  to  single  whole-body  irradiation  (15-299  roentgen)  at  a  rate  of  3.8 
roentgen/min.  The  largest  group  (193  patients)  was  exposed  to  doses  of  15-75 
roentgen.  All  patients  except  one  endured  the  irradiation  well.  One  patient  had 
a  brief  episode  of  vomiting  on  the  day  of  irradiation,  A  group  of  18  patients 
was  exposed  to  a  100-roentgen  dose,  and  the  general  responses  of  these 
patients  was  rather  weak.  A  slight  decrease  in  the  lymphocyte  count  was  noted 
in  the  blood  of  these  patients.  Another  group  of  12  patients  was  exposed  to 
125-175  roentgen;  vomiting  was  noted  in  7  patients. 

The  responses  of  30  patients  to  single  200-roentgen  exposures  have  been 
described  in  more  detail  [48].  The  patients  were  irradiated  in  a  sitting  position; 
half  of  the  dose  was  received  by  the  right  side  of  the  body  and  the  other  half 
of  the  dose  by  the  left  side.  Primary  responses  of  nausea  and  vomiting  were 
observed  in  1 7  of  the  30  patients.  In  two  patients,  multiple  vomiting  and  drastic 
dehydration  were  so  strong  that  hospitalization  and  therapeutic  intervention 
were  needed.  The  results  of  this  study  thus  indicate  that  the  differences  in 
individual  radiosensitivity  of  patients  can  be  detected  rather  distinctly. 

The  results  of  observations  of  the  responses  of  270  patients  subjected  to 
whole-body  irradiation  for  the  treatment  of  various  diseases  have  been  pub¬ 
lished  [49].  Fractional  irradiation  in  this  study  was  performed  in  a  single  dose 
of  17  roentgen,  with  the  exposure  rate  varying  between  1.5  and  0.37  roent- 
gen/h.  Responses  were  observed  in  20%  of  the  patients  irradiated  with  total 
doses  up  to  100-300  roentgen. 

Observations  on  individual  radiosensitivity  made  by  Professor  N.  G.  Daren- 
skaya  and  coworkers  [50]  are  of  interest.  The  authors  observed  the  responses 
of  132  patients  undergoing  subtotal  fractional  X-irradiation  in  a  radiological 
clinic.  The  condition  of  the  patients  before  irradiation  was  satisfactory  and 
made  radiation  therapy  possible  on  an  outpatient  basis.  Indications  for  subtotal 
irradiation  were  either  the  dissemination  of  lesions  indicative  of  metastatic 
spreading  or  the  existence  of  other  prognostically  unfavorable  factors  [51]. 
The  dose  rate  was  3.6-5.0  roentgen/min.  Single  doses  were  15,  25,  or  50 
roentgen.  Patients  were  irradiated  every  day  or,  in  a  few  cases,  once  in  2-3 
days.  Total  doses  were  100-500  roentgen  per  treatment  course.  It  was  found 
that  an  increase  in  total  dose  from  25  roentgen  to  125  roentgen  resulted  in 
growth  of  the  response  rate  from  18.6%  to  64.2%,  Of  special  interest  are  the 
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Table  6.1.  Response  incidence  after  acute  subtotal 
irradiation. 


Single  dose 
(roentgen) 

Number  of 
patients 

Without 

response 

With 

response 

15 

6 

5 

1 

25 

97 

79 

18 

50 

5 

1 

4 

data  on  responses  to  the  first  exposures  (table  6.1).  On  irradiation  in  15-  and 
25-roentgen  doses,  relevant  manifestations  were  observed  only  in  a  small 
number  of  the  most  radiosensitive  patients.  Irradiation  in  larger  single  doses 
(50  roentgen)  induced  responses  in  most  of  the  patients.  It  should  be  noted  that 
in  some  patients  the  intensity  of  manifestations  was  so  high  after  both  the  first 
and  the  repeated  exposures  that  an  ambulance  had  to  be  urgently  called. 
Because  of  the  high  radiosensitivity  of  these  patients,  the  experimenters  had 
to  discontinue  the  treatment.  These  observations  testify  to  the  existence  of  high 
sensitivity  to  radiation  even  in  such  low  doses  in  about  8-10%  of  individuals. 
Conversely,  about  14%  of  patients  showed  a  rather  high  resistance  to  total 
doses  up  to  400-500  roentgen. 

The  foregoing  data  on  the  responses  to  doses  of  15-20  roentgen  [50]  agree  well 
with  other  observations  [52].  Fifty  healthy  individuals  were  exposed  to  single 
15-roentgen  doses  for  the  purpose  of  selecting  those  suitable  for  work  in 
hazardous  radiation  conditions.  They  were  considered  radiosensitive  if  the 
leukocyte  count  decreased  from  the  initial  level  by  33%  or  more.  Decreases 
in  the  leukocyte  count  by  33%-50%  were  only  noted  in  15  individuals  who 
showed  a  higher  radiosensitivity  than  the  other  35  people.  No  symptoms  or 
other  signs  of  general  response  manifestations  were  observed. 

A  comparison  of  data  on  fractionated  and  single-dose  acute  irradiation  showed 
that  the  incidence  of  manifestations  of  the  primary  response  at  higher  doses 
increases  much  faster  and  more  clearly  with  single-dose  irradiation  [53]. 

Dynamic  clinical  observation  and  the  results  of  clinical  physiological  studies 
of  the  nervous  system  of  80  irradiated  children  [54]  clarify  individual  vari¬ 
ations  in  the  responses  to  irradiation.  The  children  were  subjected  to  applica- 
tional  Y  therapy  for  the  treatment  of  skin  hemangiomas.  The  hemangiomas 
were  located  in  the  region  of  the  head  in  61  children  and  on  the  trunk  and 
extremities  in  19  children.  At  the  time  of  irradiation  the  age  of  most  of  the 
children  (71%)  was  2-10  months.  Different  regions  of  the  brain  cortex  ab¬ 
sorbed  different  cumulative  doses  after  local  y  irradiation  of  the  skin  of  the 
head,  face,  or  neck.  The  doses  in  the  centers  of  the  frontotemporal,  parietotem¬ 
poral,  and  parieto-occipital  regions  were  determined.  After  irradiation  in  doses 
exceeding  1  Gy  (1.1-5.75  Gy)  and  nonuniform  irradiation  of  other  regions  in 
a  dose  below  1  Gy,  the  incidence  of  perturbations  in  the  functional  activity  of 
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the  nervous  system  and  the  incidence  of  cases  with  microsymptoms  of  organic 
damage  to  the  nervous  system  were  92%  and  63%,  respectively.  After  doses 
above  0.5  Gy  (0.67-0.95  Gy)  and  less  than  0.5  Gy  for  other  brain  regions,  the 
respective  values  were  68%  and  31%;  after  doses  exceeding  0.2  Gy  (0.24-0.44 
Gy)  and  less  than  0.2  Gy  for  other  regions,  respective  values  were  41%  and 
6%;  in  doses  less  than  0.2  Gy  and  0.1  Gy,  they  were  7%  and  0%.  These  data 
also  testify  to  pronounced  differences  in  the  individual  radiosensitivity  of 
various  structures  of  the  central  sections  of  the  nervous  system  of  children 
under  local  irradiation  conditions.  Individual  radiosensitivity  manifested  itself 
both  in  the  incidence  and  intensity  of  manifestation  of  the  changes  observed 
and  in  their  dose  dependence. 

We  decided  to  focus  our  attention  on  the  manifestations  of  individual  variabil¬ 
ity  of  response  to  low  radiation  doses  primarily  in  the  cleanup  crew,  the 
individuals  who  had  taken  part  in  the  elimination  of  the  consequences  of  the 
Chernobyl  disaster.  This  choice  was  made  because  the  conditions  of  a  com¬ 
paratively  short  radiation  exposure  and  the  influence  of  other  concomitant 
nonradiation  factors  (including  psychoemotional  stress)  were  almost  identical 
in  members  of  this  group.  At  the  first  stage,  we  selected  those  studies  that  had 
provided  data  on  the  physical  condition  of  the  cleanup  crew,  referring  mostly 
to  somatic  nononcologic  diseases  (table  6.2).  We  used  publications  containing 
any  quantitative  indicators  of  the  morbidity  of  the  cleanup  crew.  The  data 
provided  by  different  authors  vary  in  the  incidence  rates  of  certain  nosologic 
forms  but  show  rather  good  agreement  in  the  morbidity  structure.  However, 
some  discrepancies  between  the  data  can  be  associated  with  the  drawbacks  in 
the  methods  of  evaluating  and  recording  the  physical  state  of  the  cleanup  crew, 
the  use  of  different  examination  methods,  and  the  absence  of  adequate  control 
groups. 

Regardless  of  all  difficulties  involved  in  mass  examinations  of  individuals  and 
the  shortcomings  noted  above,  these  results  show  convincingly  that  only  some 
of  the  cleanup  crew  had  health  problems.  This  fact  demonstrates  the  differ¬ 
ences  in  individual  sensitivity  to  ionizing  radiation  and  other  concomitant 
factors. 

Of  particular  interest  are  the  data  on  the  attitudes  of  the  members  of  the  cleanup 
crew  to  their  conditions  of  health  [74].  Disposition  to  intrapsychic  feelings 
(affective  emotional  mood  manifested  in  a  depressed  state,  erethic  asthenia- 
type  reactions,  retirement  into  the  disease)  was  noted  in  62%  of  the  individuals 
examined.  The  response  of  an  interpsychic  tendency  type  was  observed  in  2 1  % 
of  the  individuals;  it  was  characterized  by  maladaptive  behaviour  leading  in 
some  instances  to  disturbances  in  their  social  functioning.  A  harmonic  type  of 
response  to  the  disease  was  detected  in  17%  of  the  individuals  examined;  these 
individuals  were  characterized  by  minimal  psychological  and  social  maladap- 
tation.  They  took  a  sober  view  of  their  conditions  and  were  actively  involved 
in  facilitating  the  success  of  their  treatment. 
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Table  6.2.  Morbidity  and  performance  among  personnel  engaged  in  opera¬ 
tions  to  eliminate  the  Chernobyl  disaster  aftereffects  (hereafter  called  the 
cleanup  crew). 


Category  No.  of 

No.  of  persons  persons  Dose  Principal  results 


Incidence  of  syndromes 

Syndrome 

% 

Asthenia 

45 

Neurocirculatory 

32 

Gastrointestinal 

42 

Hematologic 

69 

Irritation  of  upper 

respiratory  tract 

26 

Reference 


1  Cleanup 
crew 


Average  Incidence  of  diseases  _ 

19  cGy  Disease  %  [55] 

(higher  than  Chronic  tonsillitis  16 

25  cGy  for  Chronic  bronchitis  4 

2%)  Chronic  ischemic 

heart  disease  5 

Hypertension  7 

Chronic  gastritis  25 

Chronic  cholecystitis  5 

Ulcer  4 


25-30  cS V  Before  the  Chernobyl  disaster  ( 1 986),  [56] 

9.9%  of  persons  suffered  from  chronic 
diseases.  In  1987  the  percentage  increased 
to  12%.  The  percentage  of  vegetative 
dystonias  increased  as  did  nervous  system 
disorders  (29%  for  acute  viral  respiratory 
infections,  29%  for  vegetative  dystonias, 

10%  for  nervous  system  diseases,  5%  for 
respiratory  system  diseases,  6%  for 
gastrointestinal  diseases,  and  3%  for  ENT 
diseases). 

3  Cleanup  643  0.03  -  Distribution  of  diseases,  % _ 


crew 

0.8  Gy 

System  affected 

Group  1 

Group  2 

group  1: 

Gastrointestinal 

12.8 

37.8 

immediately 

Respiratory 

27.2 

2.4 

after  the 

Urogenital 

1.0 

1.6 

end  of 

Cardiovascular 

35.4 

11.4 

exposures 

Blood-forming 

0.5 

- 

Tumors 

- 

1.2 

Others 

23.1 

45.6 

2  Personnel 
of 

Chernobyl 

Nuclear 

Plant 

(CNP) 


Group  2:  246  0.03  - 

1-1.5  years  0.8  Gy 

later 


Half  of  the  cleanup  crew  in  group  2 
showed  the  neurological  syndromes  of 
asthenia,  emotional  instability,  and 
hypochondria. 


Continued  on  next  page. 
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Table  6.2.  Morbidity  and  performance  among  personnel  engaged  in  opera¬ 
tions  to  eliminate  the  Chernobyl  disaster  aftereffects  (hereafter  called  the 
cleanup  crew)  (continued). 


Category  No.  of 
No.  of  persons  persons  Dose 


Principal  results  Reference 


4  Cleanup 
crew 

(period  of 
activity 
1986- 
1989) 

127  Control  group  No  association  was  found  with  radiation 
dose,  time  period,  duration  at  CNP,  or 
unhealthy  habits.  The  observed  changes 
mainly  included  functional  disorders  of 
the  central  nervous  system,  hypokinetic 
cardiovascular  response  to  exercise, 
decreased  reserve  muscular  blood  flow, 
deteriorated  immune  status,  some 
hematologic  and  biochemical  disorders. 
The  incidence  of  diseases  of  organs  and 
systems  decreased.  From  1987  through 
1990  the  number  of  functional  disorders 
gradually  diminished  while  the  number 
of  chronic  organic  diseases  of  various 
organs  and  systems  increased. 


1,043  10-45  cSv 

Incidence  of  diseases 

% 

(aged 

Nervous  and  cardio¬ 

20-53 

vascular  systems 

69.0 

years) 

Gastrointestinal  tract 

41.0 

Osteochondrosis 

44.0 

Respiratory  system 

20.0 

5  Cleanup  836  10-45  cSv  Clinical  immunological  tests  revealed  [59] 

crew  positive  dynamics  compared  to  the 

results  of  preceding  examinations. 

Morbidity  indices,  % _ 

Examination 

Type  of  disease  First  After  3  yrs 

Frequent  acute  respir- 
atoiy  disorders  of 
viral  origin 
Recurrent  bacterial 
infections  of  skin  and 
subcutaneous  fat 
Increased  fatigue 
syndrome 
Neurocirculatory 
dystonia 


11.4  6.34 

2.05  1.44 

41.6  24.52 

8.92  5.36 


6  Cleanup  218  0.2-47.8  cSv 

crew 


Increased  volume  of  the  liver  and  [60] 

bladder  in  76%.  Congestion  of  the 
pancreas  in  20%.  Increase  of  the 
cicatrization  time  for  stomach  and 
duodenal  ulcers  from  3  to  4  months. 


Continued  on  next  page. 
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Table  6.2.  Morbidity  and  performance  among  personnel  engaged  in  opera¬ 
tions  to  eliminate  the  Chernobyl  disaster  aftereffects  (hereafter  called  the 
cleanup  crew)  (continued). 


Category  No.  of 

No.  of  persons  persons  Dose  Principal  results 


Reference 


7 

Cleanup 

0.1;  0.25-0.5 

crew 

Gy 

8 

Cleanup 

694 

19-68  cGy 

crew 

(aged 

20-56 

years) 

Cleanup 

142 

crew 

(aged 

(period  of 

20-40 

activity 

years) 

1986- 

1988) 

Cleanup 

108 

crew 

(Control 

(period  of 

group 

activity 

of  30) 

1986- 

1988) 

Cleanup 

>3,000 

crew 

60.2%  of  subjects  had  the  hyperkinetic  type  [61] 
of  central  hemodynamics,  23.2%  had  the 
eukinetic  type,  and  16.6%  hypokinetic  type. 

Immediately  after  leaving  the  30-km  [62] 

Chernobyl  plant  zone:  healthy,  49.2%; 
changed  blood  composition,  7.2%; 
diagnosis  unknown,  20.6%;  chronic 
diseases,  17.1%;  acute  diseases,  5.9%. 

During  systematic  medical  examinations 
from  1986  through  1991:  healthy,  8.2%; 
changed  blood  composition,  0.5%; 
diagnosis  unknown,  23.2%;  chronic 
diseases,  68.1%. 

The  vascular- type  blood  circulation  pre-  [63] 

dominated  (62%),  compared  to  controls 
(33%).  Bicycle  ergometer  tests  revealed 
performance  deterioration  and  increased 
oxygen  consumption  per  unit  of  work. 

This  suggested  a  disorder  of  neurohumoral 
regulation  of  vascular  tone  and  myocardial 
contractility. 

Premorbid  condition  represented  by  various  [64] 
syndromes  found  in  88%  of  subjects:  vega- 
tocardial  syndrome,  44%;  vegetonephro- 
genic  syndrome,  8%;  vegetogastro- 
enterological  syndrome,  32%;  and  other 
syndromes,  4%. 

Persons  that  had  been  exposed  to  irradia-  [65] 

tion  in  the  CNP  zone  for  6  years  showed 
disorders  of  the  principal  regulatory 
systems:  immune,  66.0  ±4.1%;  nervous, 

52.2  ±  5.0%;  cardiovascular,  31.0  ±  4.1%; 
urogenital,  35.0  ±  2.2%.  Latent  disease 
signs  were  noted  in  70%  of  cases.  The 
combined  effect  of  the  factors  of  the  CNP 
zone  resulted  in  the  decrement  of  non¬ 
specific  protective  responses,  development 
of  endogenous  intoxications,  and  homeo¬ 
stasis  disorders.  In  1986,  the  blood  indices 
showed  a  dose  dependence,  while  no  such 
dependence  was  found  in  1989. 


Continued  on  next  page. 
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Table  6.2.  Morbidity  and  performance  among  personnel  engaged  in  opera¬ 
tions  to  eliminate  the  Chernobyl  disaster  aftereffects  (hereafter  called  the 
cleanup  crew)  (continued). 


Category  No.  of 

No.  of  persons  persons  Dose 

12  Cleanup  1,500  Doses  pro¬ 
crew  ducing  no 

acute 

effects 

13  Cleanup  -  25-30  cGy 

crew 


14  Cleanup  8,115 
crew 


15  Cleanup  120  aged 

crew  40.2  ± 

0.3  years 

16  Cleanup 
crew  from 
the  North 
Caucasus 
Territory 


17  Cleanup  114 
crew  from 
Rostov-on- 
Don 


Principal  results  Reference 

52%  of  subjects  examined  had  hema-  [66] 

tological  disorders  with  damaged  white 
cells  and  their  initial  repression. 

From  60%  to  80%  of  subjects  showed  [67] 
an  enhanced  (compared  to  the  control) 
lability  of  the  regulatory  systems.  It  was 
regarded  as  an  adaptive  response  to 
irradiation  combined  with  other 
environmental  factors. 

Among  circulatory  diseases,  hyper-  [68] 

tension  and  ischemia  were  found  in  80% 
of  subjects.  The  same  percentage  was 
noted  for  gastrointestinal  diseases  and 
vegetovascular  dystonias. 

Hypertension  of  1  st  and  2nd  degrees  was  [69] 
found  in  12%.  Neurocirculatory  dystonia 
was  found  in  88%,  of  which  60% 
suffered  from  hypertonic  dystonias. 

Data  supplied  by  the  health  centers  of  [70] 

various  territories  showed  considerable 
differences  in  the  total  morbidity  among 
the  cleanup  crew:  101 .4  cases  in  the 
Rostov  Region  and  815.3  cases  in  the 
Krasnodar  Region  per  1  ,(X)0  persons. 

Comparison  has  shown  that  the  level  of 
total  morbidity  of  the  cleanup  crew  is 
much  lower  than  that  of  the  general 
population  of  the  same  age.  Three  major 
groups  of  diseases  were  noted  in  the 
total  morbidity  picture  of  the  cleanup 
crew  from  the  North  Caucasus  Territory: 
diseases  of  the  (a)  nervous  system 
34.6%;  (b)  respiratory  system,  19.9%; 
and  (c)  skeletal-muscular  system  and  the 
connective  tissue,  10.6%.  Analysis  of  the 
cardiovascular  disorders  revealed  the 
young  age  of  the  affected  cleanup  crew, 

34.4  ±4.3  years. 

Principal  disorders  responsible  for  [71] 

temporal  incapacitation  were  cardio¬ 
vascular  diseases  (47%)  followed  by 
respiratory  diseases  (30%). 


Continued  on  next  page. 
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Table  6.2.  Morbidity  and  performance  among  personnel  engaged  in  opera¬ 
tions  to  eliminate  the  Chernobyl  disaster  aftereffects  (hereafter  called  the 
cleanup  crew)  (continued). 


Category  No.  of 

No.  of  persons  persons  Dose  Principal  results 


Reference 


18  Cleanup 
crew  from 
personnel 
employed 
in  the 
Russian 
atomic 
industry 

for  1.4%  of 

examined 

persons. 


In  1991,  the  recorded  total  morbidity  for  [72] 
the  cleanup  crew  was  1,213.9  diseases 
per  1,000  persons  and  1,123.2  diseases 
for  all  workers  employed  in  the  Russian 
atomic  industry. 


Morbidity  per  1,000 
examined  persons 

System  affected 

Cleanup 

crew 

Control 

Respiratory 

430.9 

348.4 

Skeletal-muscular 

169.5 

98.5 

Gastrointestinal 

120.8 

103.3 

Blood  circulation 

112.8 

117.3 

Nervous  system 

and  sense  organs 

99.5 

139.3 

Blood  and  blood- 

forming  organs 

3.8 

3.6 

No  clear-cut  correlation  with  the  dose 
was  established. 


>15 ,000  Dose  known 

for  55.4%,  of 
which  less 
than  0.1  Gy 
for  81.5%, 
0.1-0.24  Gy 
for  17.1%, 
and  0.25  Gy 


Cleanup  102,890 

Average  dose 

crew  of 

of  12.5  cGy. 

the  Russian 

Most  doses  in 

Federation 

1986-1987 

exceeded  5 
cGy.  Average 
doses  were 
16.5  cGy  for 
1986,  9.5  cGy 
for  1987,  and 
3.2cGyfor 
1988. 

Cleanup  crew  mortality  increased  from 
460.9  in  1990  to  505.4  in  1991  (per 
100,000  persons).  Traumas,  poisoning, 
circulatory  diseases,  and  neoplasms 
(88.6%  in  1990  and  82.7%  in  1991) 
predominate  among  the  causes  of  death. 
The  highest  percentage  was  for 
neoplasms,  95.1%  and  80.0%,  in  1990 
and  1991,  respectively.  Tumors  of  the 
respiratory  organs  increased  from  23.1% 
to  34.6%,  and  tumors  of  the  digestive 
organs  decreased  from  51.3%  to  38.5%. 


[73] 


Continued  on  next  page. 


168 


Variability  of  the  Radiosensitivity  of  Mammals 


Table  6.2.  Morbidity  and  performance  among  personnel  engaged  in  opera¬ 
tions  to  eliminate  the  Chernobyl  disaster  aftereffects  (hereafter  called  the 
cleanup  crew)  (continued). 


Category  No.  of 
No.  of  persons  persons  Dose 


Principal  results  Reference 


Morbidity  indices  per  100,000  examined  members  in  the  cleanup  crew,  1987- 
1991 


Index 

1987 

1988 

1989 

1990 

1991 

No.  of  members 

37,465 

64,992 

71,394 

69,700 

60,717 

All  categories 

19,127 

30,974 

40,443 

55,077 

71,709 

Malignant 

tumors 

59 

106 

154 

209 

219 

Diseases  of 

endocrine  organs 

1,919 

2,175 

2,224 

3,577 

4,959 

Psychic  disorders 

3,683 

3,857 

4,295 

6,660 

8,242 

Diseases  of 

digestive  organs 

1,430 

3,381 

4,450 

6,059 

8,363 

Diseases  of  blood 

and  blood- 
forming  organs 

216 

189 

242 

333 

380 

Analysis  of  the  dose  dependence  of  the  morbidity  indices  revealed  a  statisti¬ 
cally  significant  increase  in  the  relative  risk  (relative  risk  per  unit  of  dose) 
with  increasing  dose  of  external  irradiation. 


When  evaluating  the  medical  aftereffects  of  the  Chernobyl  disaster,  psy- 
choemotional  stress  must  be  considered.  Specific  features  of  vegetative  and 
psychological  changes,  disturbances  of  the  central  nervous  system,  changes  in 
the  intellectual-mnestic  sphere,  and  the  appearance  of  boundary  neuropsychic 
disorders  that  play  an  important  part  in  the  development  of  aftereffects  of 
exposure  to  radiation  and  other  factors  were  found  in  some  studies  [75-80]. 

The  contributions  of  radiation  and  psychoemotional  factors  were  evaluated  in 
studies  by  N.  G.  Darenskaya  and  coworkers  [81]  who  examined  a  sufficiently 
large  number  of  the  members  of  the  cleanup  crew.  Depending  on  the  duration 
of  restoration  work,  the  cleanup  crew  was  divided  into  two  groups.  The  first 
group  included  537  men  who  had  worked  during  the  first  5  days,  starting  on 
25  April  1986:  307  of  them  were  aged  39  and  less,  and  230  were  over  39.  The 
second  group  included  465  men  who  worked  from  May  1986:  224  were  aged 
39  and  less,  and  241  were  over  39. 

The  structure  and  incidence  rate  of  diseases  with  which  the  cleanup  crew 
suffered  were  characterized  by  indicators  such  as  the  number  of  apparently 
healthy  individuals,  the  number  of  members  in  the  cleanup  crew  with  a  specific 
disease,  and  the  number  of  diseases  per  cleanup  crew  member  in  each  group. 
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Table  6.3.  Morbidity  dynamics  for  the  most  frequently  encountered  diseases 
in  examined  members  of  the  cleanup  crew  (%).  M  is  the  mean  value  for  the 
period  of  observation. 


<39  years  old 

Age 

>  39  years  old 

(years) 

(years) 

Affected 

system 

Group 

86 

87 

88 

89 

M 

86 

87 

88 

89 

M 

Nervous 

I 

17 

46 

18 

51 

33 

13 

37 

43 

26 

30 

system  and 

sense  organs 

II 

9 

30 

8 

5 

13 

11 

29 

10 

8 

15 

Gastro- 

I 

7 

21 

20 

66 

29 

9 

23 

31 

30 

23 

intestinal 

II 

6 

8 

5 

1 

5 

5 

9 

16 

7 

9 

Otorhino- 

I 

17 

25 

27 

20 

22 

20 

23 

27 

20 

23 

laryngo- 

logical 

II 

11 

13 

5 

4 

8 

13 

9 

7 

2 

8 

Musculo- 

I 

9 

12 

10 

19 

13 

14 

17 

19 

25 

19 

skeletal 

II 

1 

4 

3 

2 

3 

6 

9 

9 

6 

8 

Studies  showed  that  most  frequent  were  nervous  system  and  gastrointestinal 
diseases,  and  somewhat  less  frequently,  otorhinolaryngological  and  muscu¬ 
loskeletal  diseases  (table  6.3).  The  morbidity  structure  in  both  groups  of  the 
cleanup  crew  was  virtually  identical.  Although  the  morbidity  structure  was 
similar,  the  incidence  of  all  forms  of  the  diseases  listed  in  table  6.3  was  signif¬ 
icantly  higher  in  the  first  group  than  in  the  second  group.  The  occurrence  of 
diseases  only  in  part  of  each  group  testifies  to  the  presence  of  both  radiosen¬ 
sitive  and  radioresistant  individuals  in  the  groups.  Thus,  all  the  data  presented 
above  are  indicative  of  the  variability  in  the  individual  radiosensitivity  of  man. 


6.3.  Cell  Factor  in  the  Origin  of  Individual  Radio¬ 
sensitivity  of  Critical  Systems  and  the  Body  as  a  Whole 


Determination  of  the  radiosensitivity  of  the  precursor  cells  of  critical  systems 
of  the  human  body  is  extremely  difficult  and,  for  some  systems  such  as  the 
epithelium  of  the  small  intestine,  impossible.  Nevertheless,  some  authors 
succeeded  in  obtaining  data  on  the  radiosensitivity  of  some  types  of  precursor 
cells  (table  6.4).  Presented  in  the  table  are  the  Do  and  n  values  that  characterize 
the  radiosensitivity  of  bone  marrow  CPU  cells  of  different  types,  blood 
lymphocytes,  and  cells  of  the  human  skin  fibroblast  culture.  It  should  be  noted 
that  under  some  irradiation  conditions  it  is  the  skin  that  may  act  as  the  critical 
tissue  for  determining  radiation  sensitivity.  It  can  be  seen  from  table  6.4  that 
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Table  6.4.  Radiosensitivity  of  human  blood-forming  stem  cells. 


Type  of 
precursor  cells 

Type  of 
radiation 

Do, 

Gy 

n 

Reference 

CFU-GEMM 

y-ray 

0.91 

1.0 

[82] 

X-ray 

1.44 

1.0 

[82] 

CFU-GM 

y-ray 

1.15 

1.0 

[83] 

y-ray 

1.49 

1.37-1.60 

1.0 

[84] 

y-ray 

1.30 

1.10-1.55 

1.1 

[85,  86] 

y-ray 

1.63 

2.2 

[87] 

y-ray 

0.42  +  0.19 

1 

[88] 

y-ray 

1.38  ±0.37 

1 

[88] 

y-ray 

1.18±0.15 

1 

[88] 

X-ray 

1.0  +  0.09 

1 

[89] 

CFU-DC 

y-ray 

0.85 

1.0 

[84] 

CFU-C 

y-ray,  l.OGy/min 

1.59  +  0.12 

1.0  ±0.2 

[89] 

y-ray 

1.36 

1 

[90] 

Neutrons,  0.85  MeV 

0.34 

1 

[90] 

Neutrons,  0.35  MeV 

0.21 

1 

[90] 

CFU-Er 

X-ray 

0.74  ±0.12 

1 

[89] 

CFU-F 

X-ray 

0.89 

1.4 

[91] 

y-ray,  ^Co 

1.14 

1.5 

[92] 

y-ray,  l.OGy/min 

1.1 

(0.77-1.34) 

1.4 

[93] 

y-ray 

1.3 

1.3 

[83] 

Neutrons,  14.7  MeV 
y-ray-neutrons, 

1.31 

0.9 

[92] 

0.6±0.11 

1 

[94] 

Tritium  (HTO) 

0.92  ±0.12 

1 

[94] 

y-ray 

1.24  ±0.3 

1 

[94] 

y-ray 

1.44±0.12 

1.21-1.92 

1 

[44] 

Fibroblast-like 

cells 

y-ray,  1.0  Gy/min 

0.88 

3.4 

[95] 

Stimulated  FGA 
lymphocytes 

of  blood 

1.13 

1.2 

1.0 

1 

[85] 

[96] 

Culture  of 

skin  fibroblasts 

1.53±0.19 

1.25-1.85 

1 

[97,  98] 

CFU-GEMM  -  CFU  forming  mixed  colonies 
CFU-GM  -  CFU  granulocyte-macrophage  type 
CFU-DC  -  CFU  giving  colonies  in  diffusion  chambers 
CFU-C  -  CFU  forming  colonies  in  cultures  on  agar 
CFU-Er  -  CFU  giving  small  erythrocyte  colonies 
CFU-F  -  CFU  forming  colonies  of  fibroblasts 
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the  parameters  of  radiosensitivity  of  the  precursor  cells  of  the  above-men¬ 
tioned  systems  and  of  the  functional  cells  of  one  of  them  vary  within  certain 
limits,  which  sometimes  are  rather  broad.  This  conclusion  is  consistent  with 
results  of  clinical  observations  of  the  variability  of  individual  radiosensitivity 
of  the  body  as  a  whole  (section  6.2). 

It  is  noteworthy  that  studies  of  healthy  individuals  reveal  a  broad  range  of 
radiosensitivity  in  various  cells.  Thus,  it  was  found  [43, 99]  that  the  Do  range 
for  29  normal  cell  strains  was  0.98-1.8  Gy.  The  differences  between  the  Do 
values  for  relatively  radiosensitive  (Do  =  1  -24  Gy)  and  comparatively  radiore¬ 
sistant  (Do  =  1.6  Gy)  cell  strains  were  statistically  significant.  The  range  of 
the  Do  values  characterizing  the  radiosensitivity  of  diploid  fibroblasts  in  6 
humans  was  found  to  be  1.28-1.67  Gy  [46].  Comparable  Do  values  for  the 
same  cells  (1.0- 1.6  Gy)  were  obtained  by  other  authors  [100]  who  noted  an 
asymmetric  distribution  of  individuals  over  the  Do  parameter  characterizing 
the  radiosensitivity  of  skin  fibroblasts.  The  asymmetry  was  caused  by  a  higher 
number  of  individuals  with  larger  values  of  the  radiosensitivity  parameter  of 
these  cells.  This  result  is  of  great  importance  in  the  selection  of  the  type  of 
distribution  of  individuals  in  a  population  with  respect  to  the  parameter  of  the 
radiosensitivity  of  cells  of  a  relevant  critical  system.  Another  important  result 
obtained  in  these  studies  [100]  is  the  establishment  of  a  correlation  between 
the  radiosensitivity  parameter  of  skin  fibroblasts  and  the  radiosensitivity  of 
the  individual’s  body  as  a  whole. 

Of  interest  are  the  data  on  changes  in  the  functional  activity  of  stromal  stem 
cells  of  the  human  bone  marrow  after  the  Chernobyl  disaster  [101].  The 
percentage  of  negative  results  of  CFU-F  cloning  was  about  65%  versus  15% 
before  the  disaster.  Moreover,  in  the  summers  of  1987  and  1988,  this  percent¬ 
age  increased  to  100%.  A  trend  towards  an  increase  in  the  activity  of  these 
cells  was  detected  in  1989-1990.  The  negative  results  of  cloning  were  only 
observed  in  20%  of  the  cases. 

Observations  of  a  family  of  eight  members,  each  having  cancers  arising  in 
different  locations  [102],  provided  support  for  the  concept  of  a  genetic  basis 
for  radiosensitivity  and  radioresistance.  In  five  members,  the  Do  value  for  the 
fibroblast  cell  culture  was  25%  higher  than  the  normal  range. 

Individual  differences  in  the  radiosensitivity  of  cultured  cells  are  revealed  in 
various  diseases  (table  6.5).  It  can  be  seen  that  the  Do  values  characterizing 
the  radiosensitivity  of  fibroblast  cells  in  humans  suffering  from  certain 
neurologic  diseases  are  located  within  a  range  of  1. 2-2.0  Gy,  which  is  close  to 
the  Do  range  of  these  cells  in  healthy  individuals.  An  analysis  of  some 
radiosensitivity  parameters  of  cultured  leukemic  cells  also  reveals  pronounced 
individual  variations,  which  determine  different  sensitivities  to  radiation 
therapy. 

The  individual  variability  of  the  sensitivity  of  patients  with  different  malignant 
tumors  to  the  injuries  inflicted  on  normal  tissues  (skin  and  lung  response)  in 
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Table  6.5.  Radiosensitivity  of  cultivated  human  cells  in  different  diseases. 


Source 

of  cells 

Disease 

Do, 

Gy 

n 

Reference 

Fibroblasts 

Friedreich’s  ataxia 

1.23  ±0.2 

1.04-1.35 

1 

[96, 98] 

Motor  neurone 

disease 

1.4710.06 

1.37-1.55 

1 

[96,  98] 

Femillial 

dysantonomia 

1.5110.07 

1.41-1.71 

1 

[103,  104] 

Charcot-Marie- 
Tooth  disease 

Duchenne 

1.4410.04 

1.38-1.48 

1 

[103,  104] 

Lymphoid  lines 

muscular 

dystrophy 

Burkitt’s 

1.4110.04 

1.23-1.62 

1 

[103,  104] 

lymphoma 

Acute  lymphoid 
leukosis 

0.9-1.30 

1. 1-1.4 

[86, 96] 

T-cells 

1.13-2.30 

1. 1-1.6 

[86,  96] 

Myeloid  lines 

B -cells 

Acute  promyelo- 

0.92 

1.0 

[86,  96] 

cytic  leukosis 
Nondifferentiated 

0.64-1.37 

1.1-3.45 

[86,  96] 

Blast  cells  from 

hemoblastos 

Promyelocytic 

1.39-1.65 

1. 4-4.5 

[86, 96] 

patients  with 
acute  leukosis 

form 

Myelomonocytic 

1.23-1.80 

1.2- 1.3 

[86,  96] 

form 

Monoblastic 

0.55-2.10 

1.0- 1.7 

[86,  96] 

form 

0.85 

0.30-1.35 

1.2 

1.0- 1.3 

[86,  96] 

the  course  of  radiation  therapy  is  well  known  [45, 103].  The  lung  response  was 
observed  in  5%-10%  of  patients  irradiated  in  the  thoracic  region,  which  seems 
to  be  due  to  the  elevated  sensitivity  of  pneumocytes  in  this  group  of  patients, 
pneumocytes  being  the  critical  cell  system  in  radiation  damage  to  the  lungs. 


6.4.  Conclusion 


A  detailed  review  is  presented  in  this  chapter  of  the  clinical  data  obtained  in 
examinations  of  diseased  and  healthy  individuals  exposed  to  radiation.  Special 
attention  is  paid  to  the  results  of  observations  of  a  contingent  of  those  people 
who  had  participated  in  eliminating  the  consequences  of  the  Chernobyl  nuclear 
plant  disaster.  The  analysis  is  performed  from  the  conceptual  standpoint  used 
earlier  as  the  basis  for  the  mortality  model  (chapters  3  and  4).  Therefore,  the 
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present  review  includes  not  only  the  results  of  clinical  observations  of  irradi- 
ated  individuals  but  also  data  on  the  radiosensitivity  of  the  precursor  cells  and 
the  functional  cells  of  some  critical  systems  of  the  human  body.  In  addition, 
unique  data  demonstrating  a  correlation  between  the  radiosensitivity  of  the 
cells  of  one  of  the  critical  tissues  (skin)  and  the  radiosensitivity  of  the  human 
body  as  a  whole  are  also  presented.  All  these  data  support  the  principal 
conceptual  ideas  underlying  our  mortality  model,  including  the  major  idea  of 
the  important  role  of  the  variability  of  the  radiosensitivity  of  cells  of  the  critical 
systems  and  the  body  as  a  whole  in  the  assessment  of  radiation  risk  at  the 
population  level.  These  results  point  to  the  possibility  of  using  our  mortality 
model  in  predicting  the  aftereffects  of  radiation  exposure  on  the  human 
population. 

The  relationship  between  the  radiosensitivity  of  cells  of  the  critical  systems 
and  the  radiosensitivity  of  the  body  needs  further  investigations  because  the 
activation  of  compensatory  and  restorative  mechanisms  of  the  regulatory 
systems  at  the  whole-body  level  may  make  its  own  contribution  to  the 
modification  of  radiosensitivity.  It  seems  promising  to  use,  for  predictive 
purposes,  both  the  parameters  characterizing  the  radiosensitivity  of  critical  cell 
systems  and  the  parameters  representing  the  reactivity  of  the  body  in  the 
normal  state  as  well  as  under  the  influence  of  nonradiation  loading  factors. 
Such  data  will  be  of  great  importance  in  predicting  the  aftereffects  of  exposure 
to  low-dose  radiation  and  in  assessing  the  risk  of  their  development  with  due 
regard  for  individual  radiosensitivity. 
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CHAPTER  7 


Summary 


This  report  provides  a  new  approach  to  radiation  risk  assessment  based  on  the 
concept  of  individual  variability  of  mammalian  radiosensitivity.  A  family  of 
mathematical  models  was  constructed  to  calculate  the  dynamics  of  the  princi¬ 
pal  critical  systems  of  an  organism  exposed  to  radiation.  Knowledge  of  the 
dynamics  enables  prediction  of  the  mortality  of  populations  that  are  nonho- 
mogeneous  to  radiosensitivity.  The  concepts  forming  the  basis  of  the  models 
were  used  to  analyze  radiobiological  data  obtained  in  experiments  with  various 
mammalian  species  and  in  clinical  observations  of  irradiated  individuals. 
Particular  attention  was  given  to  data  collected  on  those  who  had  been  involved 
in  eliminating  the  aftereffects  of  the  Chernobyl  catastrophe.  The  introduction 
formulates  the  problem  and  provides  a  brief  review  of  the  literature  that  served 
as  the  base  for  our  research. 


7.1.  Mathematical  Model  of  the  Blood-Forming  System 


Chapter  1  describes  mathematical  modeling  of  the  effects  of  acute  and  chronic 
irradiation  on  hematopoiesis,  one  of  the  principal  critical  systems.  The  intro¬ 
duction  in  chapter  1  briefly  reviews  existing  mathematical  models  and  formu¬ 
lates  the  goals  that  motivated  the  construction  of  our  new  models  of 
hematopoiesis.  Section  1.2  describes  a  universal  approach  to  modeling  he¬ 
matopoiesis  dynamics  in  nonirradiated  and  irradiated  mammals.  Sections 
1.3- 1.6  examine  the  four  principal  hematopoietic  lines — thrombocytopoiesis, 
lymphopoiesis,  erythropoiesis,  and  granulocytopoiesis.  Section  1.7  provides 
the  principal  conclusions. 

The  blood-forming  system  was  regarded  as  a  complex  of  four  subsystems: 
thrombocytopoiesis,  lymphopoiesis,  erythropoiesis,  and  granulocytopoiesis. 
Each  subsystem  includes  the  entire  set  of  cells,  from  stem  cells  (in  the 
microenvironment  predetermining  the  differentiation  of  a  pluripotent  cell 
toward  the  respective  hematopoietic  line)  to  mature  functional  blood  cells  of 
this  particular  line. 
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The  models  of  individual  hematopoietic  lines  include  the  principal  stages  of 
development  of  hematopoietic  cells  and  the  specific  features  of  the  lines:  the 
variable  average  ploidy  of  megakaryocytes  and  the  existence  of  a  bone  marrow 
depot  of  granulocytes.  The  models  are  based  on  the  chalone  theory  of  he¬ 
matopoiesis  regulation.  According  to  this  theory,  certain  tissue-specific  sub¬ 
stances,  chalones,  are  the  material  carriers  of  the  feedback  in  cell  division 
control.  Chalones  are  the  product  of  the  vital  activity  and  the  decay  of  cells  of 
some  self-renewing  systems  of  the  mammalian  organism,  including  thrombo- 
cytopoiesis,  lymphopoiesis,  erythropoiesis,  and  granulocytopoiesis. 

The  models  of  the  individual  lines  considered  three  types  of  cell:  (1)  bone 
marrow  precursor  cells  (from  stem  cells  in  the  respective  microenvironment 
to  morphologically  identifiable  dividing  cells),  (2)  nondividing  maturing  bone 
marrow  cells,  and  (3)  mature  blood  cells.  The  granulocytopoiesis  model 
considered  one  more  cell  type:  tissue  granulocytes.  Based  on  experimental 
data,  pools  of  radiosensitive  cells  were  divided  into  three  groups,  according  to 
their  responses  to  radiation.  The  first  group  included  cells  undamaged  by 
radiation.  The  second  group  included  cells  damaged  by  radiation  and  dying 
within  1-2  days  (mitotic  death).  Heavily  damaged  cells  that  died  at  interphase 
made  up  the  third  group.  The  concentration  dynamics  of  all  these  cells  is 
described  by  nonlinear  differential  equations. 

Separation  of  cells  into  groups  according  to  the  extent  of  their  damage  and 
consideration  for  their  dynamics  makes  it  possible  to  collect  more  detailed 
information  concerning  the  damage  and  recovery  of  pools  of  these  cells  than 
other  approaches.  Our  approach  made  it  possible  to  describe  the  contribution 
of  radiation-damaged  cells  to  the  chalone  control  of  hematopoiesis.  It  is 
important  that  both  the  dose  rate  of  chronic  radiation  and  the  dose  of  acute 
radiation  enter  the  models  as  variable  parameters  and  that  the  constant  coeffi¬ 
cients  are  terms  commonly  adopted  in  radiobiology  and  hematology.  In 
particular,  some  coefficients  are  expressed  through  conventional  radiobiologi¬ 
cal  quantities  characterizing  the  radiosensitivity  of  hematopoietic  cells. 

In  the  absence  of  radiation,  the  models  describe  the  dynamics  of  hematopoietic 
lines  in  nonirradiated  mammals.  In  these  conditions,  the  models  were  reduced 
to  systems  of  three  nonlinear  differential  equations.  The  systems  were  inves¬ 
tigated  by  methods  of  qualitative  theory  of  differential  equations  and  oscilla¬ 
tion  theory.  Estimated  were  the  stability  and  type  of  stability  of  singular  points, 
which  have  specific  biological  interpretations.  For  each  model  system,  being 
in  the  first  (trivial)  singular  point  is  equivalent  to  a  complete  depletion  of  the 
respective  hematopoietic  line.  The  coordinates  of  the  second  singular  point, 
when  it  is  stable,  correspond  to  normal  concentrations  of  cells  of  a  hematopoie¬ 
tic  line.  A  bifurcation  analysis  and  computer  studies  of  the  models  revealed 
one  more  particular  solution:  a  stable  limit  cycle.  It  arises  when  the  second 
singular  point  is  unstable.  Stable  oscillations  of  concentrations  of  circulating 
blood  cells  and  of  their  precursors  in  the  bone  marrow  correspond  to  this 
particular  solution.  This  modeling  result  has  analogs  in  actual  life.  For  in¬ 
stance,  oscillatory  hematopoiesis  dynamics  was  observed  in  grey  collies. 
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Computer  studies  showed  that  when  the  second  singular  point  is  stable,  the 
recovery  processes  in  the  thrombocytopoietic,  lymphopoietic,  erythropoietic, 
and  granulocytopoietic  systems  can  be  either  aperiodic  or  oscillatory.  These 
modeling  results  also  agree  with  experimental  data. 

The  models  were  used  to  simulate  hematopoiesis  dynamics  in  laboratory  mice 
and  rats  exposed  to  acute  and  chronic  radiation.  The  values  of  most  inde¬ 
pendent  coefficients  of  the  equations  in  the  dimensionless  form  were  deter¬ 
mined  from  experimental  hematological  and  radiobiological  data.  Only  a  few 
parameters  that  could  not  be  measured  experimentally  were  chosen  in  the 
course  of  a  computer-assisted  study  of  the  models. 

Concentration  dynamics  for  mature  blood  cells  and  their  bone  marrow  precur¬ 
sors  was  studied  as  a  function  of  dose  of  acute  irradiation.  A  comparative 
analysis  of  the  kinetics  of  the  hematopoietic  lines  was  made,  and  interpretation 
of  the  results  was  suggested.  It  was  established  that  the  models  provided  a 
qualitative  and  quantitative  description  of  postirradiation  injury  and  recovery 
of  thrombocytopoiesis,  lymphopoiesis,  erythropoiesis,  and  granulocytopoi- 
esis  in  small  laboratory  animals  (mice  and  rats). 

When  modeling  the  effect  of  chronic  irradiation  on  hematopoiesis,  the  dose 
rate  was  varied  from  low  to  high  levels.  Calculations  showed  that  the  models 
can  describe  the  experimentally  observed  ability  of  the  hematopoietic  system 
to  adapt  itself  to  prolonged  exposure  to  radiation  at  low  and  moderate  dose 
rates.  Actually,  in  mammals  exposed  to  chronic  radiation  at  low  and  moderate 
dose  rates,  the  models  simulate  the  ability  of  hematopoiesis  to  recover  homeo¬ 
stasis,  i.e.,  the  dynamic  equilibrium.  An  equilibrium  state  is  characterized  by 
new  (other  from  normal)  stationary  concentrations  of  functional  cells  in  the 
blood  and  their  precursors  in  the  bone  marrow.  For  the  erythroid  and  throm- 
bocytic  lines,  these  values  decrease  as  radiation  dose  rate  increases.  For  the 
lymphoid  and  granulocytic  lines,  the  same  rule  applies  at  moderate  dose  rates. 
With  chronic  irradiation  at  low  dose  rates,  the  stationary  concentrations  of 
precursor  cells  of  these  two  systems  in  the  bone  marrow  and  of  granuloc3^es 
in  the  blood  exceed  the  normal  level.  These  predictions  of  the  model,  which 
were  also  corroborated  by  experimental  data,  can  be  regarded  as  effects  of 
radiation  hormesis. 

When  dose  rates  of  chronic  irradiation  exceed  certain  critical  values,  the 
models  reproduce  an  irreversible  depletion  of  the  system  considered.  It  shows 
that  the  critical  dose  rate  depends  on  the  coefficient  that  is  a  measure  of 
radiosensitivity  of  bone  marrow  precursors  capable  of  dividing  in  a  particular 
hematopoietic  line  and  on  two  kinetic  parameters  specifying  the  proliferative 
potential  of  these  cells.  For  the  thrombocytopoietic,  lymphopoietic,  erythro¬ 
poietic,  and  granulocytopoietic  systems  of  mice,  the  critical  dose  rates  are  2.4 
Gy/day,  1.4  Gy/day,  1.53  Gy/day,  and  5.1  Gy/day,  respectively.  There  is 
quantitative  agreement  between  data  from  actual  and  model  experiments  on 
the  dynamics  of  the  above-indicated  systems  in  mice  exposed  to  chronic 
radiation  at  dose  rates  close  to  the  critical  values  found.  Therefore,  formulas 
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for  calculating  critical  dose  rates  derived  from  the  models  can  be  used  to 
calculate  levels  of  chronic  radiation  that  may  be  harmful  to  various  mammalian 
species. 

Comparison  of  modeling  results  and  respective  experimental  data  revealed 
qualitative  and  quantitative  agreement  in  a  broad  range  of  doses  of  acute 
exposure  and  dose  rates  of  continuous  exposure.  The  models  can  be  used  to 
quantitatively  predict  hematopoiesis  dynamics  in  small  laboratory  animals 
under  different  radiation  conditions.  With  appropriate  substitution  of  the  nu¬ 
merical  values  of  the  coefficients,  the  models  can  also  be  used  to  study  the 
effects  of  radiation  on  large  mammals,  including  man. 


7.2.  Mathematical  Model  of  the  Small  Intestine 
Epithelium  System 


Chapter  2  deals  with  modeling  the  effects  of  ionizing  radiation  on  the  small 
intestine  epithelium  system,  the  second  principal  critical  system  of  an  organ¬ 
ism.  The  introduction  (section  2.1)  states  the  purpose  for  constructing  new 
models  of  the  small  intestine  epithelium  system.  The  next  three  sections 
present  three  models  describing  the  dynamics  of  the  small  intestine  epithelium 
system  in  nonirradiated  mammals  and  in  those  exposed  to  chronic  and  acute 
radiation.  The  final  section  summarizes  the  chapter. 

The  first  model  is  based  on  the  chalone  theory  of  regulation  of  renewal  of  the 
small  intestine  epithelium,  which  consists  of  crypts  and  villi.  Basic  (cylindri¬ 
cal)  cells  of  the  crypt- villus  system  were  considered.  These  cells  were  divided 
into  three  groups  according  to  current  views  on  their  degrees  of  differentiation. 
Group  1  includes  precursor  cells,  from  the  stem  cell  to  the  dividing  maturing 
crypt  cell.  Nondividing  maturing  crypt  cells  and  functional  villus  cells  make 
up  group  2  and  group  3,  respectively.  The  dynamics  of  the  crypt- villus  system 
is  described  by  a  system  of  nonlinear  differential  equations  for  concentrations 
of  these  cells.  It  should  be  noted  that  the  model  reflects  the  principal  stages  of 
differentiation  of  cylindrical  cells  of  the  intestinal  epithelium  and  also  consid¬ 
ers  the  functioning  peculiarities  of  the  small  intestine  epithelium  system  that 
relate  to  motion  of  cells  over  the  crypt  and  villus  in  the  course  of  division  and 
maturation.  Each  coefficient  of  the  model  has  a  generally  accepted  gastroen¬ 
terological  meaning,  and  most  of  the  coefficients  are  determined  experimen¬ 
tally. 

The  system  of  nonlinear  differential  equations  obtained  was  analyzed  by 
methods  of  qualitative  theory  of  differential  equations,  oscillation  theory,  and 
numerically  on  a  computer.  The  extent  and  character  of  stability  of  singular 
points  were  evaluated.  The  first  singular  point  (trivial)  corresponds  to  com¬ 
plete  depletion  of  the  small  intestine  epithelium  system.  The  coordinates  of 
the  second  singular  point,  when  it  is  stable,  are  equivalent  to  normal  concen- 
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trations  of  the  above-mentioned  cell  types  of  the  crypt-villus  system.  The 
system  of  nonlinear  differential  equations  has  one  more  particular  solution,  a 
stable  limit  cycle,  if  the  second  singular  point  is  unstable.  Computer  calcula¬ 
tions  have  shown  that  when  the  second  singular  point  is  stable,  the  recovery 
processes  in  the  small  intestine  epithelium  system  have  the  form  of  damped 
oscillations. 

Based  on  the  model  of  the  dynamics  of  the  small  intestine  epithelium  system 
in  nonirradiated  mammals,  we  constructed  a  mathematical  model  of  optimal 
complexity  that  describes  the  dynamics  of  the  intestinal  epithelium  system 
during  chronic  irradiation.  The  model  includes  four  differential  equations  for 
concentrations  of  radioresistant  villus  cells  and  their  precursors  in  the  crypt 
incapable  of  dividing,  as  well  as  for  concentrations  of  radiation-damaged  and 
undamaged  crypt  precursor  cells  that  are  capable  of  dividing  and  are  sensitive 
to  radiation.  The  fact  that  the  model  considers  the  dynamics  of  radiation-dam¬ 
aged  cells  of  the  small  intestine  epithelium  system  makes  it  possible  to  study 
in  more  detail  the  damage  and  recovery  processes  in  this  system  under 
radiation  and  to  describe  the  contribution  of  these  cells  to  the  chalone  regula¬ 
tion  of  renewal  in  the  small  intestine  epithelium  system.  The  key  parameters 
of  the  equations  are  radiation  dose  rate  and  a  quantity  characterizing  the 
radiosensitivity  of  crypt  precursor  cells  capable  of  dividing.  Studies  have 
shown  that  the  model  provides  qualitative  and  quantitative  description  of  two 
possible  regimes  of  the  dynamics  of  the  small  intestine  epithelium  system 
during  chronic  irradiation  of  mice  and  rats:  (1)  total  injury  of  the  small  intestine 
epithelium  at  dose  rates  exceeding  a  certain  critical  value,  and  (2)  setting  up 
a  new  homeostasis  in  the  small  intestine  epithelium  system  when  the  dose  rates 
are  lower.  The  new  stable  equilibrium  is  characterized  by  stationary  concen¬ 
trations  of  villus  functional  cells  and  crypt  precursor  cells.  These  concentra¬ 
tions  decrease  as  the  dose  rate  of  chronic  radiation  increases.  As  with  the 
thrombocytopoietic,  lymphopoietic,  erythropoietic,  and  granulopoietic  sys¬ 
tems,  the  critical  dose  rate  for  the  small  intestine  epithelium  system  depends 
only  on  the  radiosensitivity  of  precursor  cells  capable  of  dividing  and  on  the 
proliferation  potential  of  these  cells.  Recovery  of  homeostasis  in  the  crypt- vil¬ 
lus  system  is  achieved  through  intensified  mitotic  activity  of  crypt  cells  in 
compensation  for  those  crypt  cells  that  have  been  killed  by  chronic  radiation. 
This  prediction  of  the  model  is  supported  experimentally. 

Chapter  2  also  describes  a  model  of  the  dynamics  of  the  small  intestine 
epithelium  system  in  mammals  after  acute  irradiation,  a  simplified  version  of 
the  preceding  model.  The  dose  of  acute  radiation  and  the  quantity  specifying 
radiosensitivity  of  crypt  precursor  cells  capable  of  dividing  enter  as  parameters 
into  formulas  setting  the  initial  conditions.  Computer  studies  of  the  model  have 
shown  that  it  qualitatively  and  quantitatively  reproduces  depletion  of  the 
crypt-villus  system  in  mammals  (mice)  at  high  radiation  doses  and  also 
simulates  the  damage  and  recovery  processes  in  this  system  after  doses  that 
are  not  as  high. 
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The  models  thus  reproduce  a  broad  range  of  experimental  data  characterizing 
the  dynamics  of  the  small  intestine  epithelium  in  nonirradiated  and  irradiated 
mammals.  This  demonstrates  that  the  models  do  account  for  the  principal 
cause-effect  relationships  governing  the  function  of  the  crypt-villus  system 
under  normal  conditions  and  under  radiation.  As  in  the  model  of  hematopoi¬ 
esis,  we  performed  a  bifurcation  analysis  of  the  system  of  equations  describing 
the  dynamics  of  the  small  intestine  epithelium  system  in  nonirradiated  mam¬ 
mals  and  found  specific  features  of  its  behavior.  We  also  found  the  values  of 
constant  coefficients  and  quantitatively  compared  the  modeling  results  with 
experimental  data.  The  agreement  obtained  suggests  that  the  models  can  be 
used  to  simulate  and  predict  the  dynamics  of  the  intestinal  epithelium  in 
mammals  exposed  to  acute  and  chronic  radiation  at  broad  ranges  of  doses  and 
dose  rates. 


7.3.  Mathematical  Model  of  Mortality  for  a 
Homogeneous  Mammalian  Population 


Chapter  3  describes  investigations  of  mortality  dynamics  in  irradiated  homo¬ 
geneous  mammalian  populations  by  methods  of  mathematical  modeling. 
Section  3.1  lists  the  objectives  of  the  model  study.  Section  3.2  describes  a 
model  of  radiation-induced  mortality  of  a  homogeneous  mammalian  popula¬ 
tion.  Sections  3.3  and  3.4  describe  how  the  model  was  used  to  study  the  pattern 
of  mortality  of  mice  exposed  to  acute  and  chronic  radiation  in  the  range  of 
doses  and  dose  rates  responsible  for  the  intestinal  form  of  radiation  injury  and 
the  bone  marrow  syndrome.  Conclusions  are  summarized  in  section  3.5. 

The  principal  cause  of  radiation-induced  death  in  mammals  is  known  to  be 
failure  of  one  of  the  organism’s  vital  systems,  which  manifests  itself  in  the 
disruption  of  cellular  kinetics  and  in  a  decrease  in  the  number  of  functional 
cells  of  the  particular  system  below  the  level  required  for  survival.  For  each 
of  the  studied  dose  and  dose  rate  intervals  there  seems  to  be  a  specific  critical 
system  whose  damage  determines  the  mechanism  of  radiation  sickness  and 
eventual  death  of  the  mammals.  This  radiobiological  concept  of  a  critical 
system  forms  the  basis  of  our  model.  Also  used  in  the  model  was  the  stochastic 
approach  proposed  by  Sacher,  who  modeled  a  homogeneous  population  in 
which  every  individual  had  the  same  average  values  for  all  physiological 
variables  and  their  fluctuation  parameters.  Sacher  described  this  population 
by  a  random  variable  that  served  as  a  generalized  index  of  physiological  state, 
and  when  this  variable  reached  or  exceeded  a  particular  critical  level,  he 
regarded  the  result  as  death. 

Based  on  the  radiobiological  concept  of  the  critical  system,  we  chose  the 
deviation  of  the  concentration  of  critical  system  functional  cells  from  the 
normal  level  as  an  index  of  physiological  state,  and  we  assumed  that  reaching 
or  exceeding  a  threshold  value  by  this  deviation  is  a  death  analog.  In  this  way 
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a  model  was  created  that  relates  statistical  biometric  functions  (mortality  rate, 
probability  density,  and  life  span  probability)  to  dynamics  of  critical  system 
functional  cell  concentration  and  to  statistical  characteristics  of  this  physi¬ 
ological  index  in  the  mammalian  species  in  question. 

The  model  was  used  to  simulate  mortality  in  CBA  mice  exposed  to  acute  and 
chronic  radiation  when  the  small  intestine  epithelium  and  bone  marrow 
hematopoiesis  (thrombocytopoiesis)  are  the  critical  systems.  The  dynamics  of 
concentration  of  functional  elements  of  these  systems — villus  cells  and  plate¬ 
lets — ^was  calculated  by  the  thrombocytopoiesis  and  small  intestine  epithelium 
system  models  described  in  chapters  1  and  2.  There  is  qualitative  and  quanti¬ 
tative  agreement  of  modeling  results  and  experimental  data  on  mortality 
dynamics  and  average  life  shortening  in  CBA  mice  exposed  to  a  wide  variety 
of  dose  rates  of  chronic  radiation  and  doses  of  acute  radiation. 

A  major  difference  and  advantage  of  the  model  described,  as  compared  to 
models  of  other  authors,  is  that  identification  of  the  model’s  coefficients  does 
not  require  data  on  mortality  dynamics  of  irradiated  mammalian  populations. 
Only  data  on  the  population’s  mortality  in  the  absence  of  radiation  and  some 
limited  number  of  experimental  or  clinical  observations  of  behavior  of  the 
respective  critical  system  under  acute  or  chronic  irradiation  are  needed. 
Therefore,  the  model  developed  can  be  used  to  predict  life  shortening  of  large 
mammals  and  humans  under  various  radiation  conditions,  including  chronic 
irradiation  with  low  dose  rates  whose  duration  is  commensurate  with  life  span. 


7.4.  Mathematical  Model  of  Mortality  for  a 
Nonhomogeneous  Mammalian  Population 


Chapter  4  deals  with  modeling  the  mortality  dynamics  of  an  irradiated  mam¬ 
malian  population  with  nonuniform  individual  response  to  radiation.  Section 
4. 1  states  the  goals  of  this  model  study.  The  next  section  presents  a  generalized 
mathematical  model  of  radiation-induced  mortality  of  a  nonhomogeneous 
population.  A  mathematical  interpretation  of  this  model  for  cases  of  normal 
and  log-normal  distribution  of  individuals  in  the  radiosensitivity  index  of  the 
critical  system  cells  is  given  in  the  next  section.  Two  subsequent  sections 
examine  the  mortality  patterns  of  mice  exposed  to  radiation  that  induces  either 
the  intestinal  or  the  bone  marrow  syndrome.  Section  4.6  provides  the  principal 
conclusions  of  the  chapter. 

The  model  of  radiation-induced  mortality  of  a  nonhomogeneous  population  is 
based  on  the  assumption  of  nonuniform  individual  radiosensitivity  of  critical 
system  cells.  Accordingly,  the  distribution  of  individuals  in  the  radiosensitiv¬ 
ity  index  is  described  by  a  continuous  function.  An  important  component  of 
the  mortality  model  is  an  adequate  approximation  of  the  continuous  function 
by  a  discrete  function.  This  transition  from  a  continuous  distribution  to  a 
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discrete  one  is  equivalent  to  the  representation  of  the  initial  nonhomogeneous 
population  as  a  set  of  a  finite  number  of  homogeneous  subpopulations.  The 
radiosensitivity  index  of  the  critical  system  cells  in  individuals  of  each 
homogeneous  subpopulation  and  also  the  number  of  these  individuals  are 
uniquely  determined  by  the  initial  continuous  distribution.  Other  important 
components  of  the  model  are  the  formulas  used  to  express  the  biometric 
functions  describing  the  mortality  dynamics  of  the  nonhomogeneous  popula- 
tion  through  the  biometric  functions  defining  the  mortality  dynamics  of  the 
constituent  homogeneous  subpopulations.  To  calculate  the  radiation-induced 
mortality  dynamics  of  the  subpopulations,  use  was  made  of  the  mathematical 
model  of  mortality  dynamics  for  the  homogeneous  population  and  the  mathe¬ 
matical  models  of  critical  systems  (see  chapters  1-3),  which  formed  parts  of 
the  model  of  radiation-induced  mortality  for  the  nonhomogeneous  mammalian 
population.  The  resulting  structure  of  the  model  reflects  the  actually  existing 
levels  of  manifestation  of  adverse  radiation  effects  in  mammals.  The  first  level 
is  that  of  a  critical  system,  whose  radiation  injury  is  largely  determined  by  the 
radiosensitivity  of  the  constituent  cells.  The  second  level  is  that  of  the  whole 
organism.  Here,  the  probable  outcome  of  irradiation  depends  mainly  on  the 
extent  of  radiation  injury  of  the  respective  critical  system,  i.e.,  on  the  individual 
cell  radiosensitivity  of  the  system.  The  third  level  is  that  of  the  population, 
which  includes  animals  with  differing  individual  radiosensitivity  of  the  critical 
system  cells.  It  follows,  then,  that  the  elaborated  model  of  mortality  is  actually 
a  mathematical  description  of  cause-effect  relationships  set  up  in  the  course 
of  radiation  injury  of  mammals. 

This  model  was  used  to  study  the  effect  of  radiation  on  the  mortality  of 
nonhomogeneous  populations  of  mice.  We  made  use  of  the  two  most  popular 
distribution  types  in  biology — normal  (Gaussian)  and  log-normal — to  de¬ 
scribe  the  distribution  of  individuals  of  a  nonhomogeneous  population  in  the 
radiosensitivity  index  of  the  critical  system  precursor  cells.  In  model  experi¬ 
ments,  we  studied  the  dynamics  of  radiation-induced  mortality  of  the  nonho¬ 
mogeneous  population  as  a  function  of  both  the  type  of  animal  distribution  in 
the  radiosensitivity  index  and  the  magnitude  of  the  variance  (the  most  impor¬ 
tant  parameter  of  the  distribution).  We  simulated  (1)  exposures  to  very  high 
doses  at  pulsed  or  continuous  dose  rates  and  (2)  prolonged  exposures  at  low 
dose  rates  whose  duration  is  commensurate  with  the  maximum  life  span  of 
intact  animals.  In  the  former  case,  the  critical  system  was  represented  by  the 
small  intestine  epithelium  system,  and  in  the  latter  case,  by  bone  marrow 
thrombocytopoiesis. 

The  studies  performed  initially  revealed  a  direct  correlation  between  the 
variability  of  survival  of  some  animals  of  the  nonhomogeneous  population  and 
the  variability  of  individual  radiosensitivity  of  the  respective  critical  system 
precursor  cells.  It  was  shown  that  when  exposed  to  high  radiation  doses  at 
pulsed  or  at  continuous  dose  rates,  the  probability  to  die  from  the  intestinal 
syndrome  increases  with  radiosensitivity  of  the  intestinal  epithelium  system 
precursor  cells.  In  turn,  for  an  animal  exposed  to  prolonged  radiation  at  a  low 
dose  rate,  the  probability  to  survive  to  a  certain  age  increases  with  decreasing 
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radiosensitivity  of  the  bone  marrow  precursor  cells  of  the  thrombocytopoietic 
system.  These  results  of  modeling  seem  to  confirm  once  more  that  the  adopted 
concept  of  a  critical  system  is  indeed  valid. 

Modeling  results  also  support  our  hypothesis  that  the  reason  for  the  more 
pronounced  radiobiological  effects  in  the  Chernobyl  catastrophe  zone  than 
could  be  expected  is  the  variability  of  individual  radiosensitivity  in  a  mam¬ 
malian  population.  For  instance,  the  model  shows  that  consideration  for  the 
normal  and  log-normal  distributions  of  individuals  in  the  radiosensitivity 
index  of  the  critical  system  precursor  cells  results  in  reproducing  higher  rates 
of  radiation-induced  mortality  and  lower  survival  than  could  have  been 
predicted  from  the  averaged  radiosensitivity  indices  alone.  Differences  in 
prediction  are  more  pronounced  with  greater  scatter  in  individual  radiosensi¬ 
tivity  indices  of  the  respective  critical  system  precursor  cells  in  a  nonhomo- 
geneous  population.  These  differences  are  greatest  when  the  specimen 
distribution  in  the  nonhomogeneous  population  is  log-normal  with  a  high 
variance. 

The  model  studies  suggest  that  the  levels  of  doses  and  dose  rates  of  acute  and 
chronic  exposures  that  present  a  certain  danger  for  nonhomogeneous  mam¬ 
malian  populations  decrease  as  the  scatter  of  values  of  the  individual  radiosen¬ 
sitivity  index  for  the  critical  system  precursor  cells  in  these  populations 
increases.  For  animals  having  hyperradiosensitive  precursor  cells,  even  low- 
level  radiation  can  have  fatal  consequences.  These  model  results  have  consid¬ 
erable  theoretical  and  practical  importance  since  they  outline  new  pathways 
in  the  development  of  methods  of  radiation  risk  assessment. 


7.5.  Variability  of  the  Radiosensitivity  of  Mammals: 
Experimental  Data 

Chapter  5  summarizes  and  analyzes  experimental  radiobiological  data  on 
species-specific  and  individual  radiosensitivity  of  manunals.  Section  5.1 
touches  on  the  history  of  this  topic.  Sections  5.2  and  5.3  examine  the  role  of 
critical  systems  and  the  constituent  cells  in  forming  the  species-specific  and 
individual  radiosensitivity  in  mammals.  Section  5.4  presents  our  conclusions. 

Two  concepts  were  used  in  developing  the  mathematical  model  to  describe 
the  dynamics  of  radiation-induced  mortality  in  nonhomogeneous  mammalian 
populations.  The  first  is  a  radiobiological  concept  of  a  critical  system.  The 
second  concept  suggests  variability  of  individual  radiosensitivity  in  nonhomo¬ 
geneous  populations,  which  manifests  itself  at  the  organism’s  level  and  at  the 
levels  of  critical  systems  and  constituent  cells.  It  was  the  purpose  of  this 
chapter  to  illustrate  the  validity  of  these  concepts  by  the  example  of  experi¬ 
mental  data  on  species-specific  radiosensitivity.  Experimental  data  on  radia¬ 
tion-induced  mortality  and  on  radiosensitivity  of  the  critical  systems  and  their 
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cells  were  compared  for  various  mammalian  species.  A  direct  correlation  was 
established  between  the  species  radiosensitivity  manifested  at  the  population 
mortality  level  and  the  species  radiosensitivity  at  the  level  of  critical  systems 
and  cells  involved. 

The  experimental  data  collected  in  this  chapter  also  demonstrate  that  animals 
of  the  same  species  have  differing  radiosensitivities  at  both  the  level  of 
population  mortality  and  the  level  of  critical  systems  and  their  cells,  thereby 
proving  convincingly  that  the  basic  concepts  of  our  mathematical  model  of 
radiation-induced  mortality  of  mammals  are  correct. 


7.6.  Variability  of  the  Radiosensitivity  of  Mammals: 
Clinical  Data 


Chapter  6  summarizes  and  analyzes  clinical  data  on  the  variability  of  individ¬ 
ual  radiosensitivity  in  humans.  Section  6.1  gives  a  brief  historical  review  of 
this  problem.  Sections  6.2  and  6.3  describe  the  variability  of  human  radiosen¬ 
sitivity  that  manifests  itself  both  at  the  population  level  and  at  the  level  of 
critical  systems  and  their  cells.  Section  6.4  presents  our  conclusions. 

Some  of  the  clinical  data  on  the  effects  of  radiation  on  man  were  collected  in 
the  course  of  examination  of  several  groups  of  patients  that  had  undergone 
medical  treatment  with  ionizing  radiation.  The  patients  of  each  group  had  the 
same  type  of  health  problem  and  received  the  same  radiation  treatment. 
Analysis  of  the  data  showed  a  broad  variability  of  radiosensitivity  both  at  the 
organism’s  level  and  at  the  level  of  the  corresponding  critical  system  (e.g.,  the 
central  nervous  system  when  the  head  is  irradiated).  It  should  be  noted  that  the 
percentage  of  individuals  with  increased  radiosensitivity  is  rather  similar 
among  different  groups  of  patients:  10%  to  20%,  of  which  7%  to  10%  are 
hyperradiosensitive.  The  number  of  radioresistant  patients  varies  from  14%  to 
20%. 

Also  summarized  are  clinical  data  on  persons  directly  involved  in  the  elimi¬ 
nation  of  the  Chernobyl  catastrophe  aftereffects  (cleanup  crew).  These  data 
are  particularly  valuable  because  they  characterize  the  response  to  low  radia¬ 
tion  doses  (0.002-0.68  Gy)  of  large  groups  (cohorts)  of  healthy  people.  Each 
cohort  included  persons  of  approximately  the  same  age  performing  similar 
jobs  for  more  or  less  similar  lengths  of  time.  So  the  total  radiation  dose  for 
most  individuals  in  a  cohort  was  roughly  the  same.  Moreover,  the  contributions 
of  all  other  nonradiation  factors  were  also  similar. 

Analysis  of  the  whole  body  of  collected  clinical  data  reveals  considerable 
individual  variability  of  radiosensitivity  in  all  the  cohorts  examined:  adverse 
health  effects  were  found  only  in  some  of  the  cleanup  crew  and  were  related 
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to  a  deficiency  or  a  disease  of  a  particular  organ,  tissue,  or  vital  system  (e.g., 
immunological,  gastrointestinal,  or  central  nervous  systems). 

Grouping  the  data  according  to  total  doses  (low  and  moderate)  revealed  that 
there  were  hyperradiosensitive  and  radioresistant  individuals  in  the  studied 
cohorts.  For  instance,  in  cohorts  of  the  cleanup  crew  whose  total  dose  was  not 
high  (below  0.2  Gy),  the  percentage  of  persons  who  developed  a  chronic 
disease  after  1986  (the  year  of  the  Chernobyl  disaster)  ranges  from  4%  to  25% 
(table  6.2).  At  higher  total  doses  (0.2-0.68  Gy),  the  percentage  of  persons  that 
remained  practically  healthy  for  5  years  after  the  disaster  was  8%  (table  6.2). 
These  results  are  consistent  with  foregoing  estimates  of  the  percentages  of 
radiosensitive  and  radioresistant  individuals. 

The  data  presented  in  this  chapter,  which  show  the  variability  of  radiosensi¬ 
tivity  of  two  critical  systems  of  the  human  organism — ^bone  marrow  lym¬ 
phopoiesis  and  granulocytopoiesis — are  unique  because  they  are  the  results  of 
a  "pure"  experiment.  To  select  personnel  to  work  under  conditions  of  exposure 
to  radiation,  50  healthy  men  had  to  be  subjected  to  a  single  dose  of  irradiation 
at  the  same  dose  (not  a  high  dose).  The  radiosensitivity  of  the  lymphopoietic 
and  granulocytopoietic  systems  was  estimated  from  the  minimal  (compared 
to  the  initial)  level  of  leukocyte  concentration  in  the  blood.  Less  than  a  third 
of  these  men  had  enhanced  radiosensitivity  of  the  above  systems.  This  result 
is  of  the  same  order  as  those  cited  above. 

Variability  of  radiosensitivity  of  the  human  organism  and  its  critical  systems 
is  directly  related  to  variability  of  radiosensitivity  of  precursor  cells  of  these 
systems.  For  example,  in  healthy  persons,  differences  in  sensitivity  to  y 
radiation  can  be  fourfold  for  granulocyte-macrophage  CFUs,  2.5-fold  for 
fibroblast  CFUs,  and  1.4-fold  for  erythroid  CFUs  (table  6.4). 

Of  particular  importance  are  experimental  data  demonstrating  asymmetric 
distribution  of  individuals  with  radiosensitive  skin  fibroblasts  (the  skin  can 
also  be  a  critical  system  in  certain  irradiation  conditions).  This  asymmetry  is 
a  result  of  a  greater  representation  of  individuals  whose  skin  fibroblasts  are 
highly  radiosensitive.  Moreover,  the  same  experiments  established  a  direct 
correlation  between  radiosensitivity  of  skin  fibroblasts  and  of  the  human 
organism  as  a  whole.  These  findings  are  of  great  significance  when  choosing 
the  type  of  distribution  to  describe  a  nonhomogeneous  (in  radiosensitivity) 
human  population  because  they  suggest  that  a  human  population  is  probably 
characterized  by  a  log-normal  distribution. 

Thus,  the  analysis  of  clinical  data  on  irradiated  persons  presented  in  chapter  6 
supports  the  validity  of  the  principal  concepts  forming  the  basis  of  the  model 
of  radiation-induced  mortality  of  mammals  and  indicates  that  these  concepts 
must  be  considered  in  modeling  the  radiation  effects  on  human  populations. 
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Quite  significant  is  the  finding  that  10%  to  20%  of  individuals  have  enhanced 
radiosensitivity.  It  relates  to  the  above-mentioned  conclusion,  drawn  from  the 
study  of  the  model  of  mortality  of  a  nonhomogeneous  population,  that  even 
very  low  irradiation  can  have  fatal  consequences  for  individuals  who  have 
hyperradiosensitive  critical  system  precursor  cells. 

This  modeling  result  suggests  that  a  new  strategy  of  radiation  protection  must 
be  adopted  for  the  population  in  areas  with  an  elevated  radiation  background: 
identification  of  and  priority  for  hyperradiosensitive  individuals  when  apply¬ 
ing  the  whole  set  of  preventive  and  protective  measures,  including  moving 
them  to  noncontaminated  places  of  residence. 

By  analogy  with  epidemiologic  terminology,  the  subpopulation  of  hyperra¬ 
diosensitive  individuals  can  be  called  the  group  of  radiation  risk.  The  task  of 
singling  out  this  group  among  the  population  is  not  trivial.  For  example,  some 
authors  proposed  that  radiosensitivity  be  predicted  according  to  indices  show¬ 
ing  the  organism  reactivity  under  normal  conditions  and  when  exposed  to 
nonradiation  factors.  This  technique  appears  promising  and  warrants  further 
experimental  study.  In  our  opinion,  however,  this  technique  is  more  suitable 
for  persons  that  are  expected  to  be  exposed  to  radiation  and  less  suitable  for 
populations  residing  in  contaminated  areas.  The  fact  is  that  the  response  of  an 
organism  that  experiences  chronic  irradiation  at  low  or  moderate  dose  rates 
has  already  been  altered,  and  additional  exposure  to  adverse  nonradiation 
factors  can  lead  to  adverse  reactions. 

We  propose  a  safe,  simple,  and  inexpensive  technique  for  identifying  the 
radiation  risk  group  among  the  populations  of  areas  with  an  elevated  radiation 
background.  The  technique  is  based  on  the  modeling  results  presented  in  this 
report.  In  the  range  of  dose  rates  typical  of  most  contaminated  areas,  the  critical 
system  of  the  human  organism  is  the  bone  marrow  blood-forming  system. 
Consequently,  individuals  whose  bone  marrow  blood-forming  precursor  cells 
show  hyperradiosensitivity  should  be  considered  the  radiation  risk  group. 
Taking  samples  of  bone  marrow  cells  is  not  a  harmless  procedure.  Direct 
determination  of  radiosensitivity  of  bone  marrow  blood-forming  precursor 
cells  is  labor-consuming  and  cannot  be  the  routine  method  to  identify  persons 
with  elevated  radiosensitivity,  but  it  can  be  done  in  extraordinary  cases.  There 
exists,  however,  a  method  of  radiosensitivity  assessment  for  these  cells  from 
indirect  data.  As  already  noted,  chronic  irradiation  with  low  and  moderate  dose 
rates  brings  about  new  concentrations  of  blood  cells  that  differ  from  normal 
thrombocytes,  lymphocytes,  erythrocytes,  and  granulocytes.  As  shown  by 
model  calculations  and  experiments,  radiation  hormesis  effects  can  occur  in 
the  lymphopoietic  and  granulocytopoietic  systems.  As  a  consequence  of 
continuous  irradiation  in  certain  ranges  of  low  dose  rates,  the  new  stationary 
concentrations  of  bone  marrow  precursor  cells  in  these  systems  and  even  of 
functional  cells  (granulocytes)  may  exceed  the  normal  level.  Additional  stud¬ 
ies  of  the  er3^hropoiesis  model  have  shown  that  under  certain  conditions  this 
model  can  also  reproduce  the  effects  of  radiation  hormesis:  setting  up  of 
higher-than-normal  stationary  concentrations  of  bone  marrow  precursor  cells 
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in  this  system  as  a  result  of  prolonged  irradiation  at  low  dose  rates.  This 
prediction  of  the  model  is  consistent  with  results  of  some  experiments  on 
animals  larger  than  mice.  Therefore,  concentrations  of  lymphocytes,  granulo¬ 
cytes,  and  erythrocytes  in  the  blood  of  mammals  exposed  to  radiation  at  low 
dose  rates  cannot  serve  as  an  adequate  characteristic  of  radiosensitivity  of  early 
precursor  cells  of  these  systems.  At  the  same  time,  analysis  of  the  thrombocy- 
topoiesis  model  has  revealed  the  following  picture.  New  stationary  concentra¬ 
tions  of  bone  marrow  precursor  cells  of  this  system  and  of  thrombocytes  in  the 
blood  of  mammals  exposed  to  prolonged  irradiation  at  any  dose  rate  are  always 
below  the  normal  level.  Furthermore,  at  a  constant  dose  rate,  the  new  stationary 
concentration  of  thrombocytes  decreases  as  the  radiosensitivity  of  thrombo¬ 
cyte  precursor  cells  capable  of  dividing  in  the  bone  marrow  increases.  In  many 
cases  of  the  bone  marrow  syndrome,  it  is  the  failure  of  the  thrombocytopoietic 
system  that  is  responsible  for  the  death  of  mammals — the  level  of  thrombocyte 
concentration  in  the  blood  can  thus  serve  as  a  reliable  indicator  of  bone  marrow 
precursor  cell  radiosensitivity.  Therefore,  it  can  be  expected  that  in  a  radia¬ 
tion-contaminated  area  with  a  nearly  uniform  radiation  background,  individu¬ 
als  with  enhanced  radiosensitivity  will  have  lower  thrombocyte  concentrations 
in  the  blood  than  the  average  for  the  population  of  the  area.  Routine  blood 
sampling  to  determine  the  thrombocyte  concentration  and  subsequent  simple 
calculations  to  find  the  average  thrombocyte  concentration  for  a  homogeneous 
cohort  of  persons  are  sufficient  to  identify  hyperradiosensitive  individuals  in 
each  cohort  ^ 

Thus,  even  the  qualitative  result  of  the  study  of  the  mortality  model  developed 
by  us  makes  it  possible  to  give  quite  specific  recommendations  for  the  radia¬ 
tion  protection  of  populations  in  areas  with  elevated  radiation  backgrounds. 


7.7.  Conclusions 


The  principal  result  of  the  research  described  in  this  report  is  a  new  approach 
to  modeling  the  dynamics  of  radiation-induced  mortality  in  mammals  and  the 
practical  use  of  this  approach  in  a  family  of  mathematical  models.  The  latter 
would  enable  prediction  of  the  effects  of  a  broad  range  of  radiation  exposures 
on  the  principal  critical  systems  (hematopoietic  and  intestinal)  and  the  organ¬ 
ism  as  a  whole,  as  well  as  on  mammalian  populations  that  are  nonhomogene- 
ous  in  radiosensitivity.  The  constructed  models  are  specifically  for  small 
laboratory  animals  (mice  and  rats).  The  choice  was  dictated  by  the  availability 
and  sufficiency  of  experimental  data  required  to  specify  and  test  the  model. 


This  is  just  a  general  idea  of  the  proposed  method  for  identifying  individuals  belonging  to  the 
radiation  risk  group.  Clearly,  practical  application  of  this  method  must  be  preceded  by  working 
out,  on  the  basis  of  available  clinical  data,  some  optimal  criteria  for  grouping  individuals  in 
cohorts  and  by  elaborating  mathematical  programs  for  statistical  processing  of  the  results. 
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The  analysis  of  clinical  data  on  irradiated  individuals  in  this  report  has 
demonstrated  that  the  principal  concepts  of  the  developed  model  of  mortality 
are  also  applicable  to  human  populations.  The  models  described  can  serve  as 
the  basis  for  building  a  mathematical  model  of  radiation-induced  mortality  for 
man.  The  need  for  such  a  model  and  the  promise  it  offers  are  obvious.  But  so 
are  the  difficulties  to  be  encountered  in  the  efforts  to  solve  this  problem.  The 
difficulties  are  primarily  related  to  the  heterogeneity,  ambiguity  (in  the 
dosimetric  sense),  and  obvious  shortage  of  clinical  data  necessary  for  speci¬ 
fying  and  testing  the  models  of  the  critical  systems.  In  addition,  an  adequate 
description  of  radiation  effects  on  large  groups  of  people  may  require  recon¬ 
struction  of  a  complex  model  of  an  entire  population  that  would  include 
children,  elderly  people,  and  men  and  women  of  different  ages.  The  family  of 
mathematical  models  presented  in  this  report  would  then  become  only  a  part 
of  a  global  model  of  radiation-induced  mortality. 
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